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STOCHASTIC DIFFERENTIAL EQUATIONS: A WIENER CHAOS
APPROACH

S. V. LOTOTSKY AND B. L. ROZOVSKII

ABSTRACT. A new method is described for constructing a generalized solution for
stochastic differential equations. The method is based on the Cameron-Martin ver-
sion of the Wiener Chaos expansion and provides a unified framework for the study
of ordinary and partial differential equations driven by finite- or infinite-dimensional
noise with either adapted or anticipating input. Existence, uniqueness, regularity,
and probabilistic representation of this Wiener Chaos solution is established for
a large class of equations. A number of examples are presented to illustrate the
general constructions. A detailed analysis is presented for the various forms of the
passive scalar equation and for the first-order It6 stochastic partial differential equa-
tion. Applications to nonlinear filtering if diffusion processes and to the stochastic
Navier-Stokes equation are also discussed.
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1. INTRODUCTION

Consider a stochastic evolution equation
(1.1) du(t) = (Au(t) + f(t))dt + (Mu(t) + g(t))dW (),

where A and M are differential operators, and W is a noise process on a stochastic basis F =
(Q, F,{Fi}t>0,P). Traditionally, this equation is studied under the following assumptions:

(i) The operator A is elliptic, the order of the operator M is at most half the order of
A, and a special parabolicity condition holds.
(ii) The functions f and g are predictable with respect to the filtration {F;};>0, and
the initial condition is Fp-measurable.
(iii) The noise process W is sufficiently regular.

Under these assumptions, there exists a unique predictable solution u of (1.1) so that
u € La(Q2 x (0,T); H) for T > 0 and a suitable function space H (see, for example, Chapter
3 of [42]). Moreover, there are examples showing that the parabolicity condition and the
regularity of noise are necessary to have a square integrable solution of (1.1).

The objective of the current paper is to study stochastic differential equations of the type
(1.1) without making the above assumptions (i)—(iii). We show that, with a suitable def-
inition of the solution, solvability of the stochastic equation is essentially equivalent to
solvability of a deterministic evolution equation dv = (Av + ¢)dt for certain functions ¢;
the operator A does not even have to be elliptic.

Generalized solutions have been introduced and studied for stochastic differential equations,
both ordinary and with partial derivatives, and definitions of such solutions relied on various
forms of the Wiener Chaos decomposition. For stochastic ordinary differential equations,
Krylov and Veretennikov [20] used multiple Wiener integral expansion to study Ito diffusions
with non-smooth coefficients, and more recently, LeJan and Raimond [22] used a similar
approach in the construction of stochastic flows. Various versions of the Wiener chaos
appear in a number of papers on nonlinear filtering and related topics [2, 25, 33, 39, 46,
etc.] The book by Holden et al. [12] presents a systematic approach to the stochastic
differential equations based on the white noise theory. See also [10], [40] and the references
therein.

For stochastic partial differential equations, most existing constructions of the generalized
solution rely on various modifications of the Fourier transform in the infinite-dimensional
Wiener Chaos space La(W) = Lo(Q, F¥',P). The two main modifications are known as the
S-transform [10] and the Hermite transform [12]. The key elements in the development of
the theory are the spaces of the test functions and the corresponding distributions. Several
constructions of these spaces were suggested by Hida [10], Kondratiev [17], and Nualart
and Rozovskii [38]. Both S- and Hermite transforms establish a bijection between the
space of generalized random elements and a suitable space of analytic functions. Using
the S-transform, Mikulevicius and Rozovskii [33] studied stochastic parabolic equations
with non-smooth coefficients, while Nualart and Rozovskii [38] and Potthoff et. al [40]
constructed generalized solutions for the equations driven by space-time white noise in
more than one spacial dimension. Many other types of equations have been studied, and
the book [12] provides a good overview of literature the corresponding results.

In this paper, generalized solutions of (1.1) are defined in the spaces that are even larger
than Hida or Kondratiev distribution. The Wiener Chaos space is a separable Hilbert
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space with a Cameron-Martin basis [3]. The elements of the space with a finite Fourier
series expansion provide the natural collection of test functions D(L2(W)), an analog of the
space D(R?) of smooth compactly supported functions on R?. The corresponding space
of distributions D’(Ly(W)) is the collection of generalized random elements represented by
formal Fourier series. A generalized solution u = u(t, z) of (1.1) is constructed as an element
of D'(Ly(W)) so that the generalized Fourier coefficients satisfy a system of deterministic
evolution equations, known as the propagator. If the equation is linear the propagator is
a lower-triangular system. We call this solution a Wiener Chaos solution.

The propagator was first introduced by Mikulevicius and Rozovskii in [32], and further stud-
ied in [25], as a numerical tool for solving the nonlinear filtering problem. The propagator
can also be derived for certain nonlinear equations; in particular, it was used in [31, 34, 35]
to study the stochastic Navier-Stokes equation.

The propagator approach to defining the solution of (1.1) has two advantages over the S-
transform approach. First, the resulting construction is more general: there are equations
for which the Wiener Chaos solution is not in the domain of the S-transform. Indeed, it is
shown in Section 14 that, for certain initial conditions, equation du = u,dW; has a Wiener
Chaos solution for which the S-transform is not defined. On the other hand, by Theorem
8.1 below, if the generalized solution of (1.1) can be defined using the S-transform, then
this solution is also a Wiener Chaos solution. Second, there is no problem of inversion: the
propagator provides a direct approach to studying the properties of Wiener Chaos solution
and computing both the sample trajectories and statistical moments.

Let us emphasize also the following important features of the Wiener Chaos approach:

e The Wiener Chaos solution is a strong solution in the probabilistic sense, that is,
it is uniquely determined by the coefficients, free terms, initial condition, and the
Wiener process.

e The solution exists under minimal regularity conditions on the coefficients in the
stochastic part of the equation and no special measurability restriction on the input.

e The Wiener Chaos solution often serves as a convenient first step in the investigation
of the traditional solutions or solutions in weighted stochastic Sobolev spaces that
are much smaller then the spaces of Hida or Kondratiev distributions.

To better understand the connection between the Wiener Chaos solution and other notions
of the solution, recall that, traditionally, by a solution of a stochastic equation we understand
a random process or field satisfying the equation for almost all elementary outcomes. This
solution can be either strong or weak in the probabilistic sense.

Probabilistically strong solution is constructed on a prescribed probability space with a
specific noise process. Existence of strong solutions requires certain regularity of the coeffi-
cients and the noise in the equation. The tools for constructing strong solutions often come
from the theory of the corresponding deterministic equations.

Probabilistically weak solution includes not only the solution process but also the stochastic
basis and the noise process. This freedom to choose the probability space and the noise
process makes the conditions for existence of weak solutions less restrictive than the similar
conditions for strong solutions. Weak solutions can be obtained either by considering the
corresponding martingale problem or by constructing a suitable Hunt process using the
theory of the Dirichlet forms.
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There exist equations that have neither weak nor strong solutions in the traditional sense.
An example is the bi-linear stochastic heat equation driven by a multiplicative space-time
white noise in two or more spatial dimensions: the irregular nature of the noise prevents
the existence of a random field that would satisfy the equation for individual elementary
outcomes. For such equations, the solution must be defined as a generalized random element
satisfying the equation after the randomness has been averaged out.

White noise theory provides one approach for constructing these generalized solutions. The
approach is similar to the Fourier integral method for deterministic equations. The white
noise solution is constructed on a special white noise probability space by inverting an
integral transform; the special structure of the probability space is essential to carry out
the inversion. We can therefore say that the white noise solution extends the notion of
the probabilistically weak solution. Still, this extension is not a true generalization: when
the equation satisfies the necessary regularity conditions, the connection between the white
noise and the traditional weak solution is often not clear.

The Wiener chaos approach provides the means for constructing a generalized solution
on a prescribed probability space. The Wiener Chaos solution is a formal Fourier series
in the corresponding Cameron-Martin basis. The coefficients in the series are uniquely
determined by the equation via the propagator system. This representation provides a
convenient way for computing numerically the solution and its statistical moments. As a
result, the Wiener Chaos solution extends the notion of the probabilistically strong solution.
Unlike the white noise approach, this is a bona fide extension: when the equation satisfies
the necessary regularity conditions, the Wiener Chaos solution coincides with the traditional
strong solution.

After the general discussion of the Wiener Chaos space in Sections 4 and 5, the Wiener
Chaos solution for equation (1.1) and the main properties of the solution are studied in
Section 6. Several examples illustrate how the Wiener Chaos solution provides a uniform
treatment of various types of equations: traditional parabolic, non-parabolic, and antici-
pating. In particular, for equations with non-predictable input, the Wiener Chaos solution
corresponds to the Skorohod integral interpretation of the equation. The initial solution
space D'(W) is too large to provide much of interesting information about the solution.
Accordingly, Section 7 discusses various weighted Wiener Chaos spaces. These weighted
spaces provide the necessary connection between the Wiener Chaos, white noise, and tra-
ditional solutions. This connection is studied in Section 8. In Section 9, the Wiener Chaos
solution is constructed for degenerate linear parabolic equations and new regularity results
are obtained for the solution. Probabilistic representation of the Wiener Chaos solution
is studied in Section 10, where a Feynmann-Kac type formula is derived. Sections 11, 12,
13, and 14 discuss the applications of the general results to particular equations: the Zakai
filtering equation, the stochastic transport equation, the stochastic Navier-Stokes equation,
and a first-order It6 SPDE.

The following notation will be in force throughout the paper: A is the Laplace operator,
D; =90/0x;, i =1,...,d, and summation over the repeated indices is assumed. The space
of continuous functions is denoted by C, and Hy, v € R, is the Sobolev space

{f : / 1F)2(1 + |y|?)dy < oo} , where f is the Fourier transform of f.
R
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2. TRADITIONAL SOLUTIONS OF LINEAR PARABOLIC EQUATIONS

Below is a summary of the Hilbert space theory of linear stochastic parabolic equations.
The details can be found in the books [41] and [42]; see also [19]. For a Hilbert space X,
(-,-)x and || - ||x denote the inner product and the norm in X.

Definition 2.1. The triple (V, H,V') of Hilbert spaces is called normal if and only if

(1) V — H — V' and both embeddings V — H and H — V' are dense and continuous;

(2) The space V' is the dual of V relative to the inner product in H;

(3) There exists a constant C > 0 so that |(h,v)u| < Cllv||v||h|ly: for allv € V and
heH.

For example, the Sobolev spaces (H§+7(Rd),H§(Rd),Hg_W(Rd)), v >0, ¢ € R, form a
normal triple.

Denote by (v',v), v' € V', v € V, the duality between V and V' relative to the inner product
in H. The properties of the normal triple imply that |(v/,v)| < Cljv||v||v'||v7, and, if o' € H
and v € V, then (v, v) = (V/,v)p;

Let F = (Q, F,{Fi}+>0,P) be a stochastic basis with the usual assumptions. In particular,
the sigma-algebras F and Fy are P-complete, and the filtration {F;}+>¢ is right-continuous;
for details, see [23, Definition I.1.1]. We assume that F is rich enough to carry a collection
wy = wi(t), k> 1, t > 0 of independent standard Wiener processes.

Given a normal triple (V, H,V') and a family of linear bounded operators A(t) : V. — V/,
My (t): V — H, t € [0,T], consider the following equation:
t

(2.1) u(t) = uo —i—/o (Au(s) + f(s))ds +/0 (Myu(s) + gr(s))dwi(s), 0 <t <T,

where T < oo is fixed and non-random and the summation convention is in force.
Assume that, for all v € V,
(2.2) > IMi(tyvllz < oo, t €10, T).

k>1

The input data ug, f, and g are chosen so that

T T
(23) B (ol + [ 17Ot + 3 [ Lol | <.

k>1
ug is Fo-measurable, and the processes f, gi are Fi-adapted, that is, f(t) and each gi(t) are
Fi-measurable for each t > 0.

Definition 2.2. An F;-adapted process u € Lo(F; La((0,T);V)) is called a traditional, or
square-integrable, solution of equation (2.1) if, for every v € V, there exists a measurable
sub-set Q' of Q with P(Q) = 1, so that, the equality

(24)  (u(t),v)g = (uo,v)m —l—/ (Au(s) + f(s),v)ds + Z(Mku(s) + gi(s), v) pdwi(s)

¢
0 E>1
holds on € for all0 <t < T.

Existence and uniqueness of the traditional solution for (2.1) can be established when the
equation is parabolic.
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Definition 2.3. Equation (2.1) is called strongly parabolic if there exists a positive num-
ber ¢ and a real number Cy so that, for allv € V and t € [0,T],

(2.5) 2(A(t)v,v) + Y [IM(E)rollE; + elloll} < Colloll3-

k>1

Equation (2.1) is called weakly parabolic (or degenerate parabolic) if condition (2.5) holds
with € = 0.

Theorem 2.4. If (2.3) and (2.5) hold, then there exists a unique traditional solution of
(2.1). The solution process u is an element of the space

Ly(F; Lo((0,T); V) () L2(F; C((0, T), H))

and satisfies

E( sup [u(®)lF + THu(t)szdt
( J orea)

0<t<T
(2.6) T T
< C(Co 8. ( fually + [ 15OIRede+ Y [ lon(ol
0 E>1 0
Proof. This follows, for example, from Theorem 3.1.4 in [42]. O

A somewhat different solvability result holds for weakly parabolic equations [42, Section
3.2].

As an application of Theorem 2.4, consider equation

du(t, z) = (aij(t, x) DiDju(t, x) + bi(t, x) Dyu(t, x) + c(t, x)u(t, z) + f(t,x))dt
+ (i (t, ) Diu(t, @) + vi(t, 2)u(t, x) + gi(t, ©))dwy(t)

with 0 < ¢ < T, x € R% and initial condition u(0, ) = ug(x). Assume that

(2.7)

(CL1) The functions a;; are bounded and Lipschitz continuous, the functions b;, ¢, o,
and v are bounded measurable.
(CL2) There exists a positive number € > 0 so that
(2a45(x) — oir(@)oju(2))yiy; = elyl®, =,y € R, t € [0, T).
(CL3) There exists a positive number K so that, for all 2 € RY, D k1 lvp(2))? < K.
CL4) The initial condition uy € Lo(Q; La(RY)) is Fy-measurable, the processes f €
(
Ly(Q x [0,T); Hy ' (RY) and g € Lo(Q x [0,T]; La(RY)) are Fi-adapted, and
T
> ks1 o E”ng%Q(Rd)(t)dt < 0.

Theorem 2.5. Under assumptions (CL1)-(CL4), equation (2.7) has a unique traditional
solution
u € Ly(F; Ly((0, T); Hy (R)) [ La(F; C((0,T), La(R7))),

and the solution satisfies

T
B sup ol )+ [ Ty ()
(2.8)

T T
< C(K, &, DE | Juoll2, o + /0 TANOIESS /0 g l12, ey ()t
k>1
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Proof. Apply Theorem 2.4 in the normal triple
(H3(RY), Ly(R?), Hy ' (RY)); condition (2.5) in this case is equivalent to assumption (CL2).
The details of the proof are in [42, Section 4.1]. O

Condition (2.5) essentially means that the deterministic part of the equation dominates the
stochastic part. Accordingly, there are two main ways to violate (2.5):

(1) The order of the operator M is more than half the order of the operator A. Equation
du = uydw(t) is an example.

(2) The value of Y, M (t)v]|% is too large. This value can be either finite, as in
equation du(t,x) = uyg(t, )dt + Suy(t, x)dw(t) or infinite, as in equation

(2.9) du(t,z) = Au(t, z)dt + op(z)udwy, o — CONS in Ly(R?), d > 2.

Indeed, it is shown in [38] that, for equation (2.9), we have

D IMi()ollz =

E>1

in every Sobolev space H".

Without condition (2.5), analysis of equation (2.1) requires new technical tools and a dif-
ferent notion of solution. The white noise theory provides one possible collection of such
tools.

3. WHITE NOISE SOLUTIONS OF STOCHASTIC PARABOLIC EQUATIONS

The central part of the white noise theory is the mathematical model for the derivative of the
Browman motion. In particular, the It6 integral fo s)dw(s) is replaced with the integral
fo s)ds, where W is the white noise process and ¢ is the Wick product. The white
noise formulatlon is very different from the Hilbert space approach of the previous section,
and requires several new constructions. The book [10] is a general reference about the white
noise theory, while [12] presents the white noise analysis of stochastic partial differential
equations. Below is the summary of the main definitions and results.

Denote by S = S(R?) the Schwartz space of rapidly decreasing functions and by 8’ = S'(R),
the Schwartz space of tempered distributions. For the properties of the spaces S and &' see
[43].

Definition 3.1. The white noise probability space is the triple
S = (8',B(S), ),
where B(S') is the Borel sigma-algebra of subsets of S', and p is the normalized Gaussian

measure on B(S').

The measure p is characterized by the property
e‘/jlw"p)d,u(w) — 2”‘””1: 2(RY)
S/

where (w, ), w € 8, ¢ € S, is the duality between S and S’. Existence of this measure
follows from the Bochner-Minlos theorem [12, Appendix A].
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Let {ny, k > 1} be the Hermite basis in Lo(RR?), consisting of the normalized eigenfunctions
of the operator

(3.1) A=—-A+z)? zeR"

Each 7, is an element of S [12, Section 2.2].

Consider the collection of multi-indices

._71:{042(0@, i>1), a; € {0,1,2,...}, Zai<oo}.

The set J; is countable, and, for every o € 7, only finitely many of «; are not equal to
zero. For a € Ji, write a! =[], o;! and define

(3.2) Ea(w) Hy,((w,m:)), we S,

.
where (-, -) is the duality between S and S’ , and
(3.3) Ho(1) = (~1)e/? ot

is n'™ Hermite polynomial. In particular, Hy(t) = 1, Hi(t) = t, Ha(t) = t> — 1. If, for
example, o = (0,2,0,1,3,0,0,...) has three non-zero entries, then

Eo(w) = H2(<°2"'ﬂ72>) {w,ma) - W

Theorem 3.2. The collection {&, o € J1} is an orthonormal basis in La(S).

Proof. This is a version of the classical result of Cameron and Martin [3]. In this particular
form, the result is stated and proved in [12, Theorem 2.2.3]. O

By Theorem 3.2, every element ¢ of Ly(S) is represented as a Fourier series ¢ = > ¢aas
where @, = fsl ga( )d/% and H‘P”%Q(s) = ZQGJI |‘Pa|2-

For a € J1 and q € R, we write
(2N)® = [ [ (24).
J
Definition 3.3. For p € [0,1] and ¢ > 0,

(1) the space (S),,q is the collection of elements ¢ from Lo(S) so that
lellpg = D (a)?(2N)*[pal? < oo;
a€
(2) the space (S)—p,—q is the closure of Lao(S) relative to the norm
(3-4) lell2p—g = D (@) 7P(2N)""|pal*;
a€h

(3) the space (S), is the projective limit of (S),q as q changes over all non-negative
integers;

(4) the space (S)—, is the inductive limit of (S)—,—q as q changes over all non-negative
integers.

It follows that
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e For each p € [0,1] and ¢ > 0, ((S),,q, L2(S), (S)—p,—q) is a normal triple of Hilbert
spaces.

e The space (S), is a Frechet space with topology generated by the countable family
of norms || - ||,n, n = 0,1,2,..., and ¢ € (S), if and only if ¢ € (S),4 for every
q=0.

e The space (S)_, is the dual of (S), and ¢ € (S)_, if and only if ¢ € (S)_, 4 for
some g > 0. Every element ¢ from (S), is identified with a formal sum ) 7 ¢aéa
so that (3.4) holds for some g > 0.

e For 0 < p <1,

(8)1C(S), C(S)oC La(S) C(S)=0 C (S)-p C (S)-1,
with all inclusions strict.
The spaces (S)p and (S); are known as the spaces of Hida and Kondratiev test functions.
The spaces (S)_g and (S)_1 are known as the spaces of Hida and Kondratiev distributions.

Sometimes, the spaces (S), and (S)—,, 0 < p < 1, go under the name of Kondratiev test
functions and Kondratiev distributions, respectively.

Let h € S and hy, = [, h(2)ny(x)dz. Since the asymptotics of n' eigenvalue of the operator
A in (3.1) is n'/? [11, Chapter 21] and AFh € S for every positive integer k, it follows that

(3.5) > ek < oo
k>1
for every q € R.

For v € J1 and hy, as above, write h® = [[;(h;)*7, and define the stochastic exponential

(3.6) gm=Y \/;ga

aeJ1 ’

Lemma 3.4. The stochastic exponential € = E(h), h € S, has the following properties:

o E£(h)e(S)y, 0<p<1y
e For every q > 0, there exists a6 > 0 so that E(h) € (8)1,4 as long as Y ;- |he]? < 6.

Proof. Both properties are verified by direct calculation [12, Chapter 2]. O

Definition 3.5. The S-transform Sp(h) of an element ¢ = 3 7 Paba from (S)—, is the
number

(3.7) Selh) = 3 @gp

acgh ’

where h =3 o1 by € S and h® = ];(h;)%.

The definition implies that if ¢ € (S)_,_4 for some ¢ > 0, then Sp(h) = (p,E(h)), where
(-,-) is the duality between (S),, and (S)—, —4 for suitable g. Therefore, if p < 1, then
S¢(h) is well-defined for all h € S, and, if p = 1, the Sp(h) is well-defined for h with
sufficiently small Lo(R®) norm. To give a complete characterization of the S-transform, one
additional construction is necessary.

Let U4”, 0 < p < 1, be the collection of mappings F' from S to the complex numbers so that
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1. For every hy, hy € S, the function F'(hy+zhs) is an analytic function of the complex
variable z.

2. There exist positive numbers K7, Ko and an integer number n so that, for all h € §
and all complex number z,

= 2
P < Krexp (Kal A"B ] o 77).

For p =1, let ! be the collection of mappings F from S to the complex numbers so that

1. There exist ¢ > 0 and a positive integer n so that, for all hy,hy € S with
[A"R1l L, Rrey < €, the function of a complex variable z — F(h1 + hez) is analytic
at zero, and

2. There exists a positive number K so that, for all h € S with [[A"A||;,re) < €,
F(h)] < K.

Two mappings F, G with properties 1’ and 2" are identified with the same element of /! if
F = G on an open neighborhood of zero in S.

The following result holds.
Theorem 3.6. For every p € [0,1], the S-transform is a bijection from (S)—, to UP.

In other words, for every ¢ € (S)—,, the S-transform S¢ is an element of U”, and, for every
F € U?, there exists a unique ¢ € (S)_, so that S = F'. This result is proved in [10] when
p =0, and in [17] when p = 1.

Definition 3.7. For ¢ and 1 from (S)—,, p € [0,1], the Wick product ¢ ¢ is the unique
element of (S)—, whose S-transform is S¢ - St.

If S~! is the inverse S-transform, then

poy=S5"1(Sp-Sy),
Note that, by Theorem 3.6, the Wick product is well defined, because the space U”, p € [0, 1]
is closed under the point-wise multiplication. Theorem 3.6 also ensures the correctness of
the following definition of the white noise.

Definition 3.8. The white noise W on RY is the unique element of (S)o whose S transform
satisfies SW(h) = h.

Remark 3.9. If g € L,(S), p > 1, then g € (S)—o [12, Corollary 2.3.8], and the Fourier
transform

30) = [ exp (V=T 1) g(e)dute)

is defined. Direct calculations [12, Section 2.9] show that, for those g,

a2
Sg(v=1h) = g(h) e* "o,
As a result, the Wick product can be interpreted as a convolution on the infinite-dimensional
space (S)—p.

In the study of stochastic parabolic equations, ¢ = d + 1 so that the generic point from
R+ is written as (t,2), t € R, 2 € RY. As was mentioned earlier, the terms of the type
fdW (t) become f oW dt. The precise connection between the It6 integral and Wick product
is discussed, for example, in [12, Section 2.5].
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As an example, consider the following equation:
(3.8) us(t, ) = a(2)uge (t, ) + b(@)uy(t, ) + ug(t,z) o W(t,z), 0 <t < T, x €R,

with initial condition u(0,z) = up(x). In (3.8),

(WN1) W is the white noise process on R2.

(WN2) The initial condition uy and the coefficients a, b are bounded and have continuous
bounded derivatives up to second order.

(WN3) There exists a positive number ¢ so that a(x) > ¢, x € R.

(WN4) The second-order derivative of a is uniformly Hélder continuous.

The equivalent Itd formulation of (3.8) is
(3.9) du(t,z) = (a(x)ugg(t,x) + b(x)ug(t, x))dt + ep(x)ux(t, z)dwg(z),
where {e, k > 1} is the Hermite basis in Lo(R).

With Myv = egvy,, we see that condition (2.2) does not hold in any Sobolev space H (R).
In fact, no traditional solution exists in any normal triple of Sobolev space. On the other
hand, with a suitable definition of solution, equation (3.8) is solvable in the space (S)_g of
Hida distributions.

Definition 3.10. A mapping u : R — (S)—p is called weakly differentiable with respect to
z; at a point z* € R if and only if there exists a U;(z*) € (S)—, so that, for all ¢ € (5),,
D;(u(x), p)|z=ax = (Ui(z*), ). In that case, we write U;(z*) = Diu(z*).

Definition 3.11. A mapping u from [0,T] x R to (S)—_¢ is called a white noise solution of
(3.8) if and only if

(1) The weak derivatives ug, uy, and uyz, erist, in the sense of Definition 3.10, for all
(t,z) € (0,T) x R.

(2) Equality (3.8) holds for all (t,x) € (0,T) x R,

(3) limy o u(t,x) = ug(x) in the topology of (S)—o.

Theorem 3.12. Under assumptions (WN1)-(WNJ), there exists a white noise solution of
(8.8). This solution is unique in the class of weakly measurable mappings v from (0,T) x R
to (S)—o, for which there exists a non-negative integer q and a positive number K so that

T
/ / o(t, )| —0,—qe~ K% dadt < oo.
0 R

Proof. Consider the S-transformed equation
(3.10) Fi(t,z;h) = a(v) Fpg(t,x; h) + b(z) Fy(t, x; h) + Fy(t, z; h)h,

0<t<T, xeR, heSR), with initial condition F(0,z;h) = ug(x). This a deterministic
parabolic equation, and one can show, using the probabilistic representation of F', that
F,F;, F,, and Fy, belong to U°. Then the inverse S-transform of F is a solution of (3.8),
and the uniqueness follows from the uniqueness for equation (3.10). The details of the proof
are in [40], where a similar equation is considered for z € R. O

Even though the initial condition in (3.8) is deterministic, there are no measurability re-
strictions on g for the white noise solution to exist; see [12] for more details.
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With appropriate modifications, the white noise solution can be defined for equations more
general than (3.8). The solution F' = F(t,x; h) of the corresponding S-transformed equation
determines the regularity of the white noise solution [12, Section 4.1].

Two main advantages of the white noise approach over the Hilbert space approach are

(1) no need for parabolicity condition;
(2) no measurability restrictions on the input data.

Still, there are substantial limitations:

(1) There seems to be little or no connection between the white noise solution and the
traditional solution. While white noise solution can, in principle, be constructed for
equation (2.7), this solution will be very different from the traditional solution.

(2) There are no clear ways of computing the solution numerically, even with available
representations of the Feynmann-Kac type [12, Chapter 4].

(3) The white noise solution, being constructed on a special white noise probability
space, is weak in the probabilistic sense. Path-wise uniqueness does not apply to
such solutions because of the ”averaging” nature of the solution spaces.

4. GENERALIZED FUNCTIONS ON THE WIENER CHAOS SPACE

The objective of this section is to introduce the space of generalized random elements on
an arbitrary stochastic basis.

Let F = (,F,{F:}+>0,P) be a stochastic basis with the usual assumptions and Y, a
separable Hilbert space with inner product (-,-)y and an orthonormal basis {yx, k > 1}.
On F and Y, consider a cylindrical Brownian motion W, that is, a family of continuous
Fi-adapted Gaussian martingales Wy (t), y € Y, so that W, (0) = 0 and E(W,, (t)W,,(s)) =
min(¢, s)(y1,y2)y. In particular,

(4.1) wi(t) =W, (t), k>1, t >0,
are independent standard Wiener processes on F.

Equivalently, instead of the process W, the starting point can be a system of independent
standard Wiener processes {wy, k > 1} on F. Then, given a separable Hilbert space Y
with an orthonormal basis {yx, k > 1}, the corresponding cylindrical Brownian motion W
is defined by

(4.2) Wy () = (v, )y wi(t).

k>1

Fix a non-random 7' € (0, 00) and denote by F}¥ the sigma-algebra generated by wy(t), k >
1, 0 <t < T. Denote by La(W) the collection of F¥ -measurable square integrable random
variables.

We now review construction of the Cameron-Martin basis in the Hilbert space La(W).

Let m = {my, k > 1} be an orthonormal basis in Ly((0,7")) so that each my belongs to
L+ ((0,T)). Define the independent standard Gaussian random variables

T
‘fik:/o m;(s)dwg(s).
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Consider the collection of multi-indices

7= {a:(af, ik>1), o e{0,1,2,...}, Y af <oo}.
i,k

The set J is countable, and, for every o € J, only finitely many of af are not equal to zero.
The upper and lower indices in ozf represent, respectively, the space and time components
of the noise process W. For a € 7, define

|Oé| = ZO‘?? al = HO‘?L
i,k i,k

and
1
(4.3) o= — [ [ Hor (&ir),
where H,, is n'" Hermite polynomial. For example, if
010300
20 00 40
“=10000 00

with four non-zero entries a3 = 1; ol = 3; a2 = 2; a2 = 4, then

€0 =Ery- Hj(841) Ha(&12) Hi(&s2)
«a 2,1 \/g ﬁ \/ZF .

There are two main differences between (3.2) and (4.3):

(1) The basis (4.3) is constructed on an arbitrary probability space.

(2) In (4.3), there is a clear separation of the time and space components of the noise,
and explicit presence of the time-dependent functions m; facilitates the analysis of
evolution equations.

Definition 4.1. The space Lo(W) is called the Wiener Chaos space. The N-th Wiener
Chaos is the linear subspace of La(W), generated by &, |a| = N.

The following is another version of the classical results of Cameron and Martin [3].
Theorem 4.2. The collection E = {&,, a € J} is an orthonormal basis in La(W).

We refer to E as the Cameron-Martin basis in Lo(W). By Theorem 4.2, every element v of
Ly(W) can be written as
v = Z Vadas

aeJ
where v, = E(v&,).

We now define the space D(La(W)) of test functions and the space D'(La(W); X) of X-
valued generalized random elements.

Definition 4.3.
(1) The space D(Lo(W)) is the collection of elements from Lo(W) that can be written in

the form
v = Z Voo

OCEJ’U
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for some vy, € R and a finite subset J, of J.
(2) A sequence v, converges to v in D(Lao(W)) if and only if Ty, T T for all n and
im |vyq — o] =0 for all a.

Definition 4.4. For a linear topological space X define the space

D' (La(W); X) of X-valued generalized random elements as the collection of continuous lin-
ear maps from the linear topological space D(L2(W)) to X. Similarly, the elements of
D' (La(W); L1((0,T); X)) are called X -valued generalized random processes.

The element u of D'(Ly(W); X) can be identified with a formal Fourier series

u = Z Uaa,

aed
where u, € X are the generalized Fourier coefficients of u. For such a series and for

v € D(L2(W)), we have
u(v) = Z Vol -

aEJy

Conversely, for v € D'(L2(W); X), we define the formal Fourier series of u by setting

g = u(&). If u € La(W), then u € D'(La(W); R) and u(v) = E(uv).

By Definition 4.4, a sequence {u,, n > 1} converges to u in D'(Ly(W); X) if and only if

un(v) converges to u(v) in the topology of X for every v € D(W). In terms of generalized

Fourier coefficients, this is equivalent to lim u,. = u, in the topology of X for every
n—oo

a € J.

The construction of the space D'(La(W); X) can be extended to Hilbert spaces other than
Ly(W). Let H be a real separable Hilbert space with an orthonormal basis {eg, k > 1}.
Define the space

D(H) = {U €EH:v= Z vgeg, vp € R, J, — a finite subset of {1,2,...}}.
keTy

By definition, v, converges to v in D(H) as n — oo if and only if 7,, C J, for all n and
lim |vy,, — vi| = 0 for all k.
n—oo

For a linear topological space X, D'(H; X)) is the space of continuous linear maps from D(H)
to X. An element g of D'(H; X) can be identified with a formal series >, gx ® e) so that

gk = g(ex) € X and, for v € D(H), g(v) =3 ez grvp- I X =Rand > ;-4 g? < o0, then
9= k>19kek € H and g(v) = (g,v)n, the inner product in H. The space X is naturally
imbedded into D'(H; X): if u € X, then 37, u® e € D'(H; X).
A sequence g, = Zk21 Gn.k @ e, n > 1, converges to g = Zkzl gk @ e in D'(H; X) if and
only if, for every £ > 1, lim g, = gi in the topology of X.

n—oo

A collection {Ly, k > 1} of linear operators from X; to X naturally defines a linear
operator L from D'(H; X1) to D'(H; X»):

LD e | =D Lilgr) ®ex.

k>1 E>1

Similarly, a linear operator £ : D'(H; X,) — D'(H; X2) can be identified with a collection
{Lk, k > 1} of linear operators from X; to Xy by setting Lx(u) = L(u ® ex). Introduction
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of spaces D'(H; X) and the corresponding operators makes it possible to avoid conditions
of the type (2.2).

5. THE MALLIAVIN DERIVATIVE AND ITS ADJOINT

In this section, we define an analog of the It06 stochastic integral for generalized random
processes.

All notations from the previous section will remain in force. In particular, Y is a separable
Hilbert space with a fixed orthonormal basis {yx, k& > 1}, and E = {£,, a € J}, the
Cameron-Martin basis in Ly(W) defined in (4.3).

We start with a brief review of the Malliavin calculus [37].

The Malliavin derivative D is a continuous linear operator from

(5.1) Ly (W) = {u € Ly(W) : Z laju? < oo}
acJ

to Lo (W; (L2((0,7")) x Y)). In particular,

(5'2) (Dga = \/7504 (4,k) mz yka

where a™ (i, k) is the multi-index with the components

l ,k —_ 1 ) pu— 1 =

(of(i, k)) _ mlaux(aZ 1,0), ifq J and k =1,

j aj, otherwise.

Note that, for each t € [0, T], D¢, (t) € D(La(W) x Y'). Using (5.2), we extend the operator
D by linearity to the space D'(Lay(W)):

D (Z uafa) => |u ), \/Ojfga—(i,k)mi(t)yk
acJ i,k

aced
For the sake of completeness and to justify further definitions, let us establish connection
between the Malliavin derivative and the stochastic It6 integral.

If u is an F}V-adapted process from Ly (W; La((0,T);Y)), then u(t) = > k>1 Uk(t)yk, where
the random variable uy(t) is F}V-measurable for each ¢ and k, and

Z/ By (t)2dt < oo.
E>1
We define the stochastic 1t6 integral

53) 00 = [ awsny =3 [ uts)iunts

k>1

Note that U (t) is 7}V -measurable and E[U(t)]* = 3,5, 3 Elug(s)[?ds.

The next result establishes a connection between the Malliavin derivative and the stochastic
It6 integral.
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Lemma 5.1. Suppose that u is an F}V -adapted process from
Lo (W; La((0,T);Y)), and define the process U according to (5.3). Then, for every 0 <t <
T and o € J,

(5.4 B () =B | ' (u(s), (DEw) (5)) v d.

Proof. Define £,(t) = E(£4|FY). Tt is known (see [33] or Remark 8.3 below) that
(5-5) dga = \/ ga (zk mz )dwk( )

Due to F}V-measurability of uy (t), we have

(5.6) talt) = E(u(DEElF) ) = E(u(t)a(t).

The definition of U implies dU(t) = >, ug(t)dwi(t), so that, by (5.5), (5.6), and the Ito

formula,

t
(57) Ua(t) = EU)60) = [ 3\t oy ().
0 ik
Together with (5.2), the last equality implies (5.4). Lemma 5.1 is proved. O

Note that the coefficients uy o of u € La(W; Lo((0,T'); H)) belong to L2((0,T)). We there-
fore define uy o ; = fOT Uk, o(t)m;(t)dt. Then, by (5.7),

(5.9 UalT) = 3 okt
ik

Since U(T) = > _,c.7 Ua(T)En, we shift the summation index in (5.8) and conclude that

(5.9) UT) =Y o + lupaibariin,

aed ik
where
I af+1, ifi=jand k=1
e —J % Th '
(5.10) <a (Z’k)>j - { aé., otherwise.

As a result, U(T') = 6(u), where ¢ is the adjoint of the Malliavin derivative, also known as
the Skorokhod integral; see [37] or [38] for details.

Lemma 5.1 suggests the following definition. For an F}V-adapted process u from
Ly (W; Ly((0,7))), let Diu be the F}V-adapted process from Lo (W; L2((0,T))) so that

(5.11) (Diu)q /Zf ~ (i) ()mi(s)ds.

If u € Ly (W; Lo((0,T);Y)) is F}V-adapted, then u is in the domain of the operator 6 and
S(ul(s <t)) =D k1 (Dpur)(t).

We now extend the operators D} to the generalized random processes. Let X be a Banach
space with norm || - || x.
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Definition 5.2. If u is an X-valued generalized random process, then Dyu is the X -valued
generalized random process so that

(5.12) (Dju)q Z/ Uo— (i) ( \/>mz

If g € D (Y;D’ (LQ(W);Ll((O,T);X))), then D*g is the X-valued generalized random
process so that, for g =3 ;51 gk @ Yk, gk € D'(L2(W); L1((0,7); X)),

(513) (D*g)a( ) Z ]D)kgk Z/ 9k,a— ('Lk \/>mz
k

Using (5.2), we get a generalization of equality (5.4):

t
(514) ©9)a(0) = [ 906 (s)(s)ds.
Indeed, by linearity,

o (Vabmi(5)taia ) () = vk

Theorem 5.3. If T' < oo, then D}, and D* are continuous linear operators.

Proof. 1t is enough to show that, if u,u, € D' (La(F}); L1((0,T); X)) and
limy, o0 [[2a — ((0,7);x) = 0 for every o € J, then, for every k > 1 and a € J,
limy,— 00 H(DZU)Q - (Dzun)aHLl((O,T);X) =0.

Using (5.12), we find

T
(D)o = (Dyun)allx () < Z/O VG [t (i) = tn,a- (i |Lx (8)Ima(s)|ds.

Note that the sum contains finitely many terms. By assumption, |m;(t)| < C;, and so

[(Drw)a — (Dzun)aHM((O,T);X) SC(Q)Z\/ af”%—(i,k) — Un,a—(i,k) HLl((O,T);X)'

Theorem 5.3 is proved. g

6. THE WIENER CHAOS SOLUTION AND THE PROPAGATOR

In this section we build on the ideas from [25] to introduce the Wiener Chaos solution and
the corresponding propagator for a general stochastic evolution equation. The notations
from Sections 4 and 5 will remain in force. It will be convenient to interpret the cylindrical
Brownian motion W as a collection {wy, k > 1} of independent standard Wiener processes.
As before, T' € (0, 00) is fixed and non-random. Introduce the following objects:

e The Banach spaces A, X, and U so that U C X.
e Linear operators
A:Li1((0,T); A) — L1((0,T); X) and
My L1((0,T); A) — L1((0,7); X).

e Generalized random processes f € D' (La(W); L1((0,7); X)) and
gk € D' (La(W); L1 ((0,T); X)) -
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e The initial condition ug € D’ (Lo(W);U).

Consider the deterministic equation

(6.1) v(t) = v +/0 (Av)(s)ds—i—/o ©(s)ds,
where vg € U and ¢ € L1((0,7); X).

Definition 6.1. A function v is called a w(A,X) solution of (6.1) if and only if v €
L1((0,T); A) and equality (6.1) holds in the space L1((0,T); A).

Definition 6.2. An A-valued generalized random process u is called a w(A,X) Wiener
Chaos solution of the stochastic differential equation

(6.2) du(t) = (Au(t) + f(t))dt + (Mru(t) + gi(t))dwi(t), 0 <t < T, uli=o = uo,
if and only if the equality
t

(6.3 u(®) = o+ [ (Aut f)s)ds+ Y (DF M + ) (0

0 k>1
holds in D' (L2(W); L1((0,T); X)).
Sometimes, to stress the dependence of the Wiener Chaos solution on the terminal time 7T,
the notation wr(A, X) will be used.

Equalities (6.3) (5.13) mean that, for every o € J, the generalized Fourier coefficient u, of
u satisfies

t t
(6.4) Ua(t) = up o + / (Au+ f)a(s)ds + / Z \ aF (Mypu + gk)af(i’k)(s)mi(s)ds.
0 (i
Definition 6.3. System (6.4) is called the propagator for equation (6.2).

The propagator is a lower triangular system. Indeed, If & = (0), that is, || = 0, then the
corresponding equation in (6.4) becomes

(6.5) u(o)(t) = ug (o) +/0 (Au(g)(s) + fo)(s))ds.

If o = (j¢), that is, a§ = 1 for some fixed j and ¢ and of = 0 for all other 4,k > 1, then the
corresponding equation in (6.4) becomes

t
ujey(t) = uo,jo) +/ (Auge)(s) + fjey(s))ds
(6.6) 0

+/ (Myuo)(s) + ge,0)(8))m;(s)ds.
0

Continuing in this way, we conclude that (6.4) can be solved by induction on |a| as long as
the corresponding deterministic equation (6.1) is solvable. The precise result is as follows.

Theorem 6.4. If, for every vg € U and ¢ € L1((0,7); X), equation (6.1) has a unique
w(A, X) solution v(t) = V(t,v0, ), then equation (6.2) has a unique w(A, X) Wiener Chaos
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solution so that

Uua(t) =V (tuoe fo) + >\ aFV(E,0,miMyua-(ix)
ik

+ Z \/ZfV(t, 0, migk:,oﬁ(i,k))‘
i,k

(6.7)

Proof. Using the assumptions of the theorem and linearity, we conclude that (6.7) is the
unique solution of (6.4). O

To derive a more explicit formula for u,, we need some additional constructions. For every
multi-index a with |a| = n, define the characteristic set K, of a so that

K, = {(i?vk?)v SRR (ia ka)})

n)»''n

it < < ... <y, and if f =%, then k' < k% ;. The first pair (19, k) in K, is the
position numbers of the first nonzero element of . The second pair is the same as the
first if the first nonzero element of « is greater than one; otherwise, the second pair is the
position numbers of the second nonzero element of « and so on. As a result, if ozi-C > 0, then

exactly af pairs in K, are equal to (i, k). For example, if

0102300
1200010
“=100000 00

with nonzero elements
d=ay=al=1,a5=0a;=2, aj =3,
then the characteristic set is
K,={(1,2), (2,1), (2,2), (2,2), (4,1), (4,1), (5,1), (5,1), (5,1), (6,2)}.
Theorem 6.5. Assume that
(1) for every vo € U and ¢ € L1((0,T); X), equation (6.1) has a unique w(A,X)

solution v(t) = V(t,vo, ),
(2) the input data in (6.4) satisfy g =0 and fo = up o =0 if |a| > 0.

Let u(g)(t) = V(t,ug,0) be the solution of (6.4) for |a| = 0. For a € J with |a] =n > 1
and the characteristic set K, define functions F™ = F"(t;«) by induction as follows:

F(tia) = V(t,0,miMyu) if Ko ={(i,k)};

(6.8) FM(t;a) =Y _V(t,0,m My, F" (507 (i, k;)))
j=1
if Ko={(i1,k1),..., (in,kn)}.
Then

(6.9) Ua(t) = \/107!}7”(15; o).

Proof. If |a| = 1, then representation (6.9) follows from (6.6). For |a| > 1, observe that
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o If G, (t) = Valu, and |a| > 1, then (6.4) implies

t t
:/ At (s)ds + Z/ ozfmi(s)/\/lkﬁaf@k)(s)ds
0 in o

o If Ky = {(i1,k1),..., (in,kn)}, then, for every j = 1,...,n, the characteristic set
Ko (i k;) of @™ (i5,k;) is obtained from K, by removing the pair (i;, k;).
e By the definition of the characteristic set,

ZO& mz ./\/lku zk) Zmzj Un— (ij,kj)(s)‘

ik

As a result, representation (6.9) follows by induction on || using (6.7):
if |a] =n > 1, then

= Z V(t, 07 mz]MkIJﬂa_(lgakj))

(6.10) o
= V(t,0,mi M, F" (07 (65, k) = F™(; a0).
j=1
Theorem 6.5 is proved. O

Corollary 6.6. Assume that the operator A is a generator of a strongly continuous semi-
group ® = ®; 4, t > 5 >0, in some Hilbert space H so that A C H, each My, is a bounded
operator from A to H, and the solution V (t,0,¢) of equation (6.1) is written as

T
(6.11) V(t,0,p) :/ O so(s)ds, ¢ € Ly((0,T); H)).
0
Denote by P™ the permutation group of {1,. n} If wy € L2((0,7); H)), then, for |a| =
n > 1 with the characteristic set K, = {(i1, kl) (zn, n)}, representation (6.9) becomes
ua
(6.12) ~ Val U;n/ / /
(I)t,Sang(n) ces CI)SMIM;%(UU(O)(sl)mic(n) (Sp) - Mi, ) (s1)dsy .. .dsy.
Also,
Z Uoz(t)ga = Z / / /
(6.13) la]=n k1, kn>1

By 5, My, -+ Dy sy (M) + gy (51)) dwi, (s1) - - - dwg, (sn), n > 1,
and, for every Hilbert space X, the following energy equality holds:
Seli= S [ [T
la|=n ki,...kn=1
| ®t,5,, Mp,, - - - @SQ,SIMklu(O)(sl)H%(dsl .odsy;
both sides in the last equality can be infinite. Forn =1, formulas (6.12) and (6.14) become

(6.14)

t
(6.15) Uk (1) :/0 Dy sMpuo)(s) mi(s)ds;
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0t
(6.16) S Jua®)E =3 /0 Myt o) ()| 3 ds.
k=1

|laf=1

Proof. Using the semi-group representation (6.11), we conclude that (6.12) is just an ex-
panded version of (6.9).

Since {m;, i > 1} is an orthonormal basis in L2(0,T'), equality (6.16) follows from (6.15) and
the Parcevall identity. Similarly, equality (6.14) will follow from (6.12) after an application
of an appropriate Parcevall’s identity.

To carry out the necessary arguments when |a| > 1, denote by [J; the collection of one-
dimensional multi-indices § = (01, F2,...) so that each f3; is a non-negative integer and
1B = > ;510 < oo. Given a 3 € Ji with |B| = n, we define Kz = {i1,...,i,}, the
characteristic set of 3 and the function

1
(6.17) Eg(sl, ey Sn) = m Z mg, (80(1)) s My, (Sa(n))'

ocepn
By construction, the collection {Eg, 5 € Ji,|3| = n} is an orthonormal basis in the sub-
space of symmetric functions in La((0,7)"; X).

Next, we re-write (6.12) in a symmetrized form. To make the notations shorter, denote
by s the ordered set (si,...,s,) and write ds" = ds;...ds,. Fix t € (0,7] and the
set k(M) = {k1,...,kn} of the second components of the characteristic set K,. Define the
symmetric function

G(t, k™; s
(6.18) 1

- ﬁ Z ‘I’tvsa(kan"'q’so@)vsamM’ﬂ“(O)(30(1))1So<1)<"'<Sa<n><t(3(n))'

ToePn
Then (6.12) becomes

(6.19) talt) = /[0 1 GUR: s By (o as

where the multi-indices o and [(«) are related via their characteristic sets: if
Ka == {(ilv kl)u ey (Zna kn)}7
then
Kﬁ(a) = {’il, .. ,Zn}
Equality (6.19) means that, for fixed k(™| the function u, is a Fourier coefficient of the

symmetric function G(t,k;s(™) in the space Ly((0,7)™; X). Parcevall’s identity and
summation over all possible k(™ yield

1 o
ua()||% = — / G(t, k™; 5% ds",
S a0l =g 3 [ 16 %

which, due to (6.18), is the same as (6.14).

To prove equality (6.13), relating the Cameron-Martin and multiple It6 integral expansions
of the solution, we use the following result [13, Theorem 3.1]:

1 T psn $2
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see also [37, pp. 12-13]. Since the collection of all E3 is an orthonormal basis, equality
(6.13) follows from (6.19) after summation over al kq, ..., ky.

Corollary 6.6 is proved. O

We now present several examples to illustrate the general results.
Example 6.7. Consider the following equation:
(6.20) du(t,z) = (augz(t, z) + f(t,z))dt + (cuz(t,x) + g(t, z))dw(t), t >0, x € R,

where a > 0, 0 € R, f € La((0,T); Hy ' (R)), g € La((0,T); La(R)), and ulmg = ug €
L2(R). By Theorem 2.5, if 02 < 2a, then equation (6.20) has a unique traditional solution
u € Ly (W; La((0,T); H3 (R))).

By F}V-measurability of u(t), we have

E(u(t)éa) = E(u(t)E(&lF")).
Using the relation (5.5) and the It6 formula, we find that wu, satisfy

dug = a(ua)aedt + > /00 (Ug- ) emi(t)dt,
i
which is precisely the propagator for equation (6.20). In other words, if 2a > o2, then the
traditional solution of (6.20) coincides with the Wiener Chaos solution.

On the other hand, the heat equation

v(t,z) = vo(x) +/0 vm(s,x)ds—l—/o o(s,z)ds, vo € La(R)

with ¢ € Lo((0,T); Hy '(R)) has a unique w(Hj (R), H, '(R)) solution. Therefore, by Theo-
rem 6.4, the unique w(H3(R), Hy ' (R)) Wiener Chaos solution of (6.20) exists for all o € R.
In the next example, the equation, although not parabolic, can be solved explicitly.
Example 6.8. Consider the following equation:

(6.21) du(t,x) = ug(t,x)dw(t), t >0, z € R; u(0,z) = x.

Clearly, u(t, z) = z + w(t) satisfies (6.21).

To find the Wiener Chaos solution of (6.21), note that, with one-dimensional Wiener process,
af’ = oy, and the propagator in this case becomes

t
ua(t, ) = zI(|a| = 0) +/ 2 Vi(Ug- () (8, ))ami(s)ds.
0
Then u, = 0 if || > 1, and

(6.22) u(t,z) =z + Zﬁz/o mi(s)ds = x + w(t).

i>1

Even though Theorem 6.4 does not apply, the above arguments show that u(t,z) = x4+ w(t)
is the unique w(A, X)) Wiener Chaos solution of (6.21) for suitable spaces A and X, for
example,

X = {f:/R(l—i-x2)2f2(:c)dx<oo} and A={f:f,f €X}.

Section 14 provides a more detailed analysis of equation (6.21).
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If equation (6.2) is anticipating, that is, the initial condition is not deterministic and/or
the free terms f, g are not F/V-adapted, then the Wiener Chaos solution generalizes the
Skorohod integral interpretation of the equation.

Example 6.9. Consider the equation

1
(6.23) du(t,x) = ium(t,:z:)dt + uz(t, z)dw(t), t € (0,T], = € R,
with initial condition u(0, ) = x?w(T). Since w(T) = VT¢;, we find

(6.24) (ua)t(t, ) = %(ua)m(t, ) + Z Vaimi(t)(ua-i))z(t, )

with initial condition u,(0,2) = vT2%I(Ja| = 1,a; = 1). By Theorem 6.4, there exists a
unique w(A, X') Wiener Chaos solution of (6.23) for suitable spaces A and X. For example,
we can take

X = {f:/l?(1+x2)8f2(x)dx<oo} and A={f:f f,f € X}

System (6.24) can be solved explicitly. Indeed, uq =0 if o] =0 or |a] > 3 or if a3 = 0.
Otherwise, writing M;(t fo m;(s)ds, we find:

ua(t,:c) = (t—l_x )\/Ta if |Oé| = 17 a1 = ]-7
U (t,z) = 2v2 xt, if o] =2, a; = 2;
uq(t, z) = 2T xM;(t), if o] =2, a1 =a; =1, 1 <7

Ug(t, ) = \/7t2 if o] =3, a1 =3;
Ua(t,z) = 2V2T My(t)M;(t), if o] =3, a1 =2, a; =1, 1 < i;
uo(t,z) = V2T M2(t), if o] =3, a1 =1, a; =2, 1 <3;
ua(t,z) = 2VT M;(t)M;(t), if |a] =3, ey =y =aj =1, 1 <i < j.
Then
(6.25) u(t,z) = Z Uala = w(T)wW?(t) — 2tw(t) + 2(W (T)w(t) — t)x + z>w(T)

acJ

is the Wiener Chaos solution of (6.23). It can be verified using the properties of the Skorohod
integral [37] that the function u defined by (6.25) satisfies

1 t t
u(t,z) = 22w (T) + 2/ Uzg (s, x)ds +/ uz(s,x)dw(s), t € [0,T], z € R,
0 0

where the stochastic integral is in the sense of Skorohod.

7. WEIGHTED WIENER CHAOS SPACES AND S-TRANSFORM

The space D'(Lo(W); X) is too big to provide any reasonable information about regularity of
the Wiener Chaos solution. Introduction of weighted Wiener chaos spaces makes it possible
to resolve this difficulty.

As before, let E = {{,, a € J} be the Cameron-Martin basis in Lo(W), and D(Lg(W); X),
the collection of finite linear combinations of &, with coeflicients in a Banach space X.
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Definition 7.1. Given a collection {ry, o € J} of positive numbers, the space RLa(W; X)
is the closure of D(Lo(W); X) with respect to the norm

||U||32L2(W;X) = Z ralvallx-
acd

The operator R defined by (Rv), := rqv, is a linear homeomorphism from R Lo(W; X) to
Lo(W; X).

There are several special choices of the weight sequence R = {r,, a € J} and special
notations for the corresponding weighted Wiener chaos spaces.

o If Q ={q1,q2,...} is a sequence of positive numbers, define
k
¢ =]]a-
ik

The operator R, corresponding to 7, = ¢, is denotes by Q. The space QLo(W; X)
is denoted by L o(W;X) and is called a Q-weighted Wiener chaos space. The
significance of this choice of weights will be explained shortly (see, in particular,
Proposition 7.4).

o If

r2 = (al)? T](2ik)*F, p,y €R,
i,k

then the corresponding space RL2(W; X) is denoted by (S),,(X). As always, the
argument X will be omitted if X = R. Note the analogy with Definition 3.3.

The structure of weights in the spaces Ls g and (S), is different, and in general these
two classes of spaces are not related. There exist generalized random elements that belong
to some Lo o(W; X)), but do not belong to any (S),(X). For example, u = >,+, ek2§1,k
belongs to La (W) with g, = e~2¥ but to no (S)p,y, because the sum ), 2R (k)P (2k)
diverges for every p,~v € R. Similarly, there exist generalized random elements that belong
to some (S),~(X), but to no Ly o(W; X). For example, v =), -4 \/Hg(n), where (n) is the
multi-index with ai = n and af = 0 elsewhere, belongs to (S)_1 1, but does not belong to
any Lo (W), because the sum ), -, ¢"n! diverges for every ¢ > 0.

The next result is the space-time analog of Proposition 2.3.3 in [12].

ST @ik

aeJ i,k>1

Proposition 7.2. The sum

converges if and only if v > 1.

Proof. Note that

Y [Lewn = I | i) _H(l_(zlm, v>0
ik

acJ ik>1 i,k>1 \n>0

The infinite product on the right of (7.1) converges if and only if each of the sums > ;- i77,
> k>1 k77 converges, that is, if an only if v > 1. O

Corollary 7.3. For every u € D'(W; X), there exists an operator R so that
Ru € Lo(W; X).
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Proof. Define
1
= || (2@']4:)’20‘?.

14 Hua||§< e
Then
[ual3 20k o ouk
Rl = 3 Ll TT i1 < 57 T iyt <o
acd X k>1 a€d ik>1

0

The importance of the operator Q in the study of stochastic equations is due to the fact
that the operator R maps a Wiener Chaos solution to a Wiener Chaos solution if and only
R = @ for some sequence . Indeed, direct calculations show that the functions u,, « € 7,
satisfy the propagator (6.4) if and only if v, = (Ru), satisfy

t
Va(t) = (Rug)a —l—/ (Av + R f)a(s)ds
0
(72) /tZ - Do (M R R ) ( ) ( )d
+ ; + a= (i i :
P ozlpai(i,k) rRu Ik )a—(ik) (8)mi(s)ds

Therefore, the operator R preserves the structure of the propagator if and only if
Pa
Pa—(i,k)

= 4k,

that is, po, = ¢® for some sequence Q.
Below is the summary of the main properties of the operator Q.

Proposition 7.4.

(1) If g <q <1 forallk>1, then Ly g(W) C (S)o,— for some v > 0.

(2) If g > q > 1 for all k, then Ly (W) C LE(W) for all n > 1, that is, the elements
of La.o(W) are infinitely differentiable in the Malliavin sense.

(3) If u € Lo o(W; X) with generalized Fourier coefficients u, satisfying the propaga-
tor (6.4), and v = Qu, then the corresponding system for the generalized Fourier
coefficients of v is

valt) = (Quo)a + /0 (Av + Qf)a(s)ds

t
* /0 Z \/OE(M’CU + Q0k) o~ (i,k) (8)axmi(s)ds.
i,k

(4) The function u is a Wiener Chaos solution of
t

(7.4) u(t) = ug +/0 (Au(s) + f(s))dt + / (Mu(s) + g(s),dW(s))y

0
if and only if v = Qu is a Wiener Chaos solution of
t

(7.5)  w(t) = (QU)0+/O (AU(S)Jer(S))dtJr/ (Mu(s) + Qg(s),dW?(s))y,

0
where, for h €Y, W}?(t) = Zk21<h= Yk)y qrwi(t).
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The following examples demonstrate how the operator Q helps with the analysis of various
stochastic evolution equations.

Example 7.5. Consider the w(Hj(R), H, ' (R)) Wiener Chaos solution u of equation
(7.6) du(t,x) = (aug(t,z) + f(t,z))dt + ouy(t, z)dw(t), 0 <t <T, z € R,

with f S LQ(Q X (0,T>7H2_1(R>), g € LQ(Q X <O,T),L2<R)), and u]t:() = ug € LQ(R)
Assume that o > 0 and define the sequence @ so that g, = ¢ for all £ > 1 and ¢ < v2a/0.
By Theorem 2.5, equation

dv = (avgy + f)dt + (qoug + g)dw
with v|¢=o = g, has a unique traditional solution
v € Ly (W: La((0,T); H(R))) () La (W: C((0,T); Lo(R)))
By Proposition 7.4, the w(Hj(R), Hy '(R)) Wiener Chaos solution u of equation (7.6) sat-
isfies u = Q1o and

u € Log (W; La((0,T); H3(R))) () L2,g (W; C((0,T); La(R))) .

Note that if equation (7.6) is strongly parabolic, that is, 2a > o2, then the weight ¢ can be
taken bigger than one, and, according to the first statement of Proposition 7.4, regularity
of the solution is better than the one guaranteed by Theorem 2.5.

Example 7.6. The Wiener Chaos solutions can be constructed for stochastic ordinary
differential equations. Consider, for example,

(7.7) =1+ /O s)dwy(s),

k>1

which clearly does not have a traditional solution. On the other hand, the unique w(R, R)
Wiener Chaos solution of this equation belongs to Lo g (W; L2((0,T")) for every @ satisfying
>p 43 < oc. Indeed, for (7.7), equation (7.5) becomes

t)y=1 —i—/o Zv(s)qkdwk(s)
k

If >, q,% < 00, then the traditional solution of this equation exists and belongs to
Ly (W; L((0,T))).

There exist equations for which the Wiener Chaos solution does not belong to any weighted
Wiener chaos space Ly . An example is given below in Section 14.

To define the S-transform, consider the following analog of the stochastic exponential (3.6).

Lemma 7.7. If h € D(L2((0,7);Y)) and

ey =ew ([ torawon -3 [ o).

then
o £(h) € Lao(W) for every sequence Q.
o E(h) € (S)pn for0<p<1and~y >0.
e E(h) € (S)1y,7>0, as long as HhH%Q((O 7)v) i sufficiently small.
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Proof. Recall that, if h € D(L2((0,T);Y)), then h(t) = >, ycr, hrimi(t)yg, where I, is a
finite set. Direct computations show that

g(h) _ H Z Hnygfzk) (hk,l>n _ Z \/nga

ik \n>0 ) aeJ

k
where h® =], . h. In particular,

hOé
7.8 Eh))a = .
(7.9 (Em)a ==
Consequently, for every sequence @) of positive numbers,
(7.9) IERIZ, o owy = exp > hiak | < oo
i,kely,

Similarly, for 0 < p < 1 and v > 0,

((2ik)"h 2ik) " hy ;)"
10 emizy,, = S ITY k.fp -1 Z(((n).)” <o

aceJ ik i,kel, \n>0

and, for p =1,

(7.11) lEMIs), . =S TT(@iky hea)® = T | Do(@ik) hii)* | < oo,

acJ i,k i,kel, \n>0
if 2 (max(y, ner,) (mn)?) Dok h? . < 1. Lemma 7.7 is proved. O
Remark 7.8. [t is well-known (see, for example, [24, Proof of Theorem 5.5]) that the

family {E(h),h € D (L2((0,T);Y))} is dense in La(W) and consequently in every Lo o(W)
and every (S8),~, —1<p<1,v€eR.

Definition 7.9. If u € Ly o(W; X) for some Q, or if u € J,;50(S)—p—(X), 0 < p <1,
then the deterministic function B

(7.12) Su(h) =Y wah o x

is called the S-transform of u. Similarly, for g € D' (Y;Laq(W;X)) the S-transform
Sg(h) € D'(Y; X) is defined by setting (Sg(h))r = (Sgx)(h).

Note that if v € Lo(W; X), then Su(h) = E(u€(h)). If u belongs to La o(W; X) or to
Ugz0(S)=p,—+(X), 0 < p < 1, then Su(h) is defined for all h € D (L2((0,7);Y)). If u €
U,>0(S)-1,-4(X), then Su(h) is defined only for & sufficiently close to zero.

By Remark 7.8, an element u from Lo o(W; X) or (J,5((S)-p,—(X), 0 < p < 1, is uniquely
determined by the collection of deterministic functions Su(h), h € D (L2((0,7);Y)) . Since
E(h) > 0 for all h € D(Ly((0,7);Y)), Remark 7.8 also suggests the following definition.

Definition 7.10. An element u from La (W) or (J,5¢(S)—p,—v: 0 < p < 1 is called non-
negative (u > 0) if and only if Su(h) > 0 for all h € D (L2((0,7);Y)).

The definition of the operator Q and Definition 7.10 imply the following result.
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Proposition 7.11. A generalized random element u from Lo (W) is non-negative if and
only if Qu > 0.

For example, the solution of equation (7.7) is non-negative because

Qu(t) =exp | Y (qrwr(t) — (1/2)q})
E>1
We conclude this section with one technical remark.

Definition 7.9 expresses the S-transform in terms of the generalized Fourier coefficients.
The following results makes it possible to recover generalized Fourier coefficients from the
corresponding S-transform.

Proposition 7.12. If u belongs to some Ly o(W; X) or (J,>¢(S8)-p—+(X), 0 < p <1, then

1 87 Su(h)
7.13 Uq =
( ) va! ];[ ({“)haf.
b ki h=0

Proof. For each a € J with K non-zero entries, equality (7.12) and Lemma 7.7 imply that
the function Su(h), as a function of K variables hy;, is analytic in some neighborhood of
zero. Then (7.13) follows after differentiation of the series (7.12). O

8. GENERAL PROPERTIES OF THE WIENER CHAOS SOLUTIONS

Using notations and assumptions from Section 6, consider the linear evolution equation
(8.1) du(t) = (Au(t) + f(t))dt + (Mu(t) + g(t),dW(t))y, 0 <t < T, ul|t=g = ug.

The objective of this section is to study how the Wiener Chaos compares with the traditional
and white noise solutions.

To make the presentation shorter, call an X-valued generalized random element S-admissible
if and only if it belongs to Lo g(F"; X) for some Q or to (S),4(X) for some p € [-1,1]
and ¢ € R. Tt was shown in Section 7 that, for every S-admissible u, the S-transform Swu(h)
is defined when h =), ;. hy imiyr, € D(L2((0,7);Y)) and is an analytic function of hy; in
some neighborhood of h=0.

The next result describes the S-transform of the Wiener Chaos solution.

Theorem 8.1. Assume that

(1) there ezists a unique w(A,X) Wiener Chaos solution u of (8.1) and w is S-
admissible;
(2) For each t € [0,T], the linear operators A(t), My(t) are bounded from A to X;
(3) the generalized random elements g, f, gi are S-admissible.
Then, for every h € D(L2((0,T);Y)) with ]\hHi((O’T) y) sufficiently small, the function

i

v =Su(h) is a w(A, X) solution of the deterministic equation

(8.2) v(t) = Sup(h) + /Ot (Av + Sf(h) + (Mo + Sgk(h))hk> (s)ds.
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Proof. By assumption, Su(h) exists for suitable functions h. Then the S-transformed equa-
tion (8.2) follows from the definition of the S-transform (7.12) and the propagator equation
(6.4) satisfied by the generalized Fourier coefficients of u. Indeed, continuity of operator A
implies

S(Au)(h) = \/ZjAua =AY ;;ua = A(Su(h)).

Similarly,

h* o (i,k)
X T ol Mutar e = 33— M
o t ok s V)]s

a g,k

hOé
= z}; (za: ﬁMkua> mihy; = My(Su(h))hy.
Computations for the other terms are similar. Theorem 8.1 is proved. O

Remark 8.2. If h € D(L2((0,7);Y)) and

(8.3) £4(h) = exp ( [ wtsrawisny =3 [ Hh<t)\2ydt>,
then, by the Ito formula,
(8.4) 0E,(h) = & (h)(h(t), dW 1))y

If ug is deterministic, f and g are F}V-adapted, and u is a square-integrable solution of
(8.1), then equality (8.2) is obtained by multiplying equations (8.4) and (8.1) according to
the Ito formula and taking the expectation.

Remark 8.3. Rewriting (8.4) as
d&i(h) = &(h)hyim;(t)dwy(t)

and using the relations

1 0% Er(h
&) = B(Er (M)A, g = —— ([T
O Nk Oy h=0

we arrive at representation (5.5) for B(&q|FV).

A partial converse of Theorem 8.1 is that, under some regularity conditions, the Wiener
Chaos solution can be recovered from the solution of the S-transformed equation (8.2).

Theorem 8.4. Assume that the linear operators A(t), My(t), t € [0,T], are bounded from
A to X, the input data ug, f, g are S-admissible, and, for every h € D(L2((0,7);Y))
with HhH%Q((O’T);Y) sufficiently small, there exists a w(A, X) solution v = v(t; h) of equation
(8.2). We write h = hy;m;y, and consider v as a function of the variables hy ;. Assume
that all the derivatives of v at the point h = 0 exists, and, for a € J, define

1 8O‘§U(t;h)
85 ’Z,La t =
(85) 0= (I

Then the generalized random process u(t) = 3 c 7 ua(t)éa is a w(A,X) Wiener Chaos
solution of (8.1).

h=0
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Proof. Differentiation of (8.2) and application of Proposition 7.12 show that the functions
U satisfy the propagator (6.4). O

Remark 8.5. The central part in the construction of the white noise solution of (8.1)
is proving that the solution of (8.2) is an S-transform of a suitable generalized random
process. For many particular cases of equation (8.1), the corresponding analysis is carried
out in [10, 12, 33, 40]. The consequence of Theorems 8.1 and 8.4 is that a white noise
solution of (8.1), if exists, must coincide with the Wiener Chaos solution.

The next theorem establishes the connection between the Wiener Chaos solution and the
traditional solution. Recall that the traditional, or square-integrable, solution of (8.1) was
introduced in Definition 2.2. Accordingly, the notations from Section 2 will be used.

Theorem 8.6. Let (V,H,V') be a normal triple of Hilbert spaces. Take a deterministic
function ug and F}V -adapted random processes function, f and gy, so that (2.8) holds. Under
these assumptions we have the following two statements.

(1) An F}V-adapted traditional solution of (8.1) is also a Wiener Chaos solution.
(2) If u is a w(V, V') Wiener Chaos solution of (8.1) so that

T
(3.6) > ( / Hua@)u%dwog%||ua<t>||%> < o0,

acJ
then u is an F}V -adapted traditional solution of (8.1).

Proof. (1) If u = u(t) is an F}V-adapted traditional solution, then

ua(t) = E(u(t)éa) = E (u(t)E(&lF"Y)) = E(u(t)éa(t))-
Then the propagator (6.4) for u, follows after applying the It6 formula to the product
u(t)éq(t) and using (5.5).

(2) Assumption (8.6) implies
u € Ly(Q x (0,T); V) [ L2(2 C((0,T); H)).

Then, by Theorem 8.1, for every ¢ € V and h € D((0,7);Y), the S-transform uj;, of u
satisfies

(un(t), @) = (o, @)1t + / (Aun(s), p)ds + /0 (f(s), @) ds

Z/ \/7mZ (Mptia-(i k) (), )
aEJ i,k

+ (gk(s), o)ul(|a] = 1))ds
IE I(t fo (Myu(s), @) gdwy(s), then

(8.7 BU06(0) = |3 yfokmi () Muta-iag (o). s
i,k

Similarly,

E (&(0) [ (o) o)) = > [ yfakmte)ants) ool = vas
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Therefore,
Z % Z/ \/;fmi(s)(Mkua—(i,k)(S), ©)pds
a€d ik 0
=K <5(h)/0 ((MkU(S), o) a + (gk(s), ) m) dwk(3)> .
As a result,

E (E(h)(u(t), p)u) = E(E(h)(uo, ¥)m)

(8.8) +E (5<h> /0 t<Au<s>,<p>ds> +E (€(h> /0 t<f(s),go)ds)
+E <5(h) /Ot ((Mru(s), ©)m + (gr(s), ©)u) dwk(s)> .

Equality (8.8) and Remark 7.8 imply that, for each t and each ¢, (2.4) holds with probability
one. Continuity of u implies that, for each ¢, a single probability-one set can be chosen for
all t € [0,T]. Theorem 9.6 is proved. O

9. REGULARITY OF THE WIENER CHAOS SOLUTION

Let F = (Q,F,{Fi}+>0,P) be a stochastic basis with the usual assumptions and wy =
wi(t), k> 1, t > 0, a collection of standard Wiener processes on F. As in Section 2, let
(V, H,V') be a normal triple of Hilbert spaces and A(t) : V — V', My(t) : V — H, linear
bounded operators; ¢ € [0, T].

In this section we study the linear equation
t

¢

(9.1) u(t) = ug +/ (Au(s) + f(s))ds + / (Myu(s) + gr(s))dwy, 0 <t <T,
0 0

under the following assumptions:

A1 There exist positive numbers C; and ¢ so that

(9.2) (A(t)v,v) + 8||v[3 < Cillvllz, v eV, t €[0,T).
A2 There exists a real number Cy so that
(9-3) 2(A(t)v,v) + > IMi(t)vl|f < CollvllE, v eV, te0,T).
k>1

A3 The initial condition ug is non-random and belongs to H; the process f = f(t) is
deterministic and fOT | £()]|2-1dt < co; each g = gx(t) is a deterministic processes

T
and Yy fo llgr(t)[[Fdt < oo.

Note that condition (9.3) is weaker than (2.5). Traditional analysis of equation (9.1) under
(9.3) requires additional regularity assumptions on the input data and additional Hilbert
space constructions beyond the normal triple [42, Section 3.2]. In particular, no existence of
a traditional solution is known under assumptions A1-A3, and the Wiener chaos approach
provides new existence and regularity results for equation (9.1). A different version of the
following theorem is presented in [29].

Theorem 9.1. Under assumptions A1-A3, for every T > 0, equation (9.1) has a unique
w(V, V") Wiener Chaos solution. This solution u = u(t) has the following properties:
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(1) There exists a weight sequence @ so that
u € Loo(W; Ly((0,T); V) () La.o(W; C((0, T); H)).

(2) For every 0 <t <T, u(t) € Lo(Q; H) and

t t
(94)  Efu(®)|f < 367 IIUOH%I+Cf/O IIf(S)H%//d8+Z/O g ()l 7ds |
k>1

where the number Cy is from (9.3) and the positive number Cy depends only on §
and Cy from (9.2).
(3) For every 0 <t <T,

03 u(t) = u) + Z Z [Jt/)sn..'AS2

n>1 ko >1
By, Mp, -+ Py sy (M o) + iy (51)) dwi, (s1) - - - dwg, (sn),

where @y 5 is the semi-group of the operator A.

Proof. Assumption A2 and the properties of the normal triple imply that there exists a
positive number C* so that

(9.6) DMl < Cllolfy, v e Vi ¢ € [0,T].
k>1

Define the sequence () so that

5\ 1/2
(9.7) qr = <g*> =q, k>1,
where p € (0,2) and 0 is from Assumption A1l. Then, by Assumption A2,
(9.8) 2(Av,v) + > @[ Myollf < =2 = pw)s|loll + CillollF
k>1

It follows from Theorem 2.4 that equation
t t

(9.9) v(t) = ug + / (Av+ f)(s)ds + Z/ q(Mpv + gi)(s)dwg(s)
0 >170

has a unique solution
v € Ly(W; Lo((0,7); V) [ ) L2(W; C((0, T); H)).

Comparison of the propagators for equations (9.1) and (9.9) shows that u = Q7 'v is the
unique w(V, V') solution of (9.1) and

(9.10) w € Log(W: Lo((0,T); V) () Lag(W; C((0, T); H)).
If C* < 24, then equation (9.1) is strongly parabolic and ¢ > 1 is an admissible choice of

the weight. As a result, for strongly parabolic equations, the result (9.10) is stronger than
the conclusion of Theorem 2.4.
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The proof of (9.4) is based on the analysis of the propagator

ua(t) = uol(Ja| =0) + /Ot (Aua(s) + f(s)I(|a] = 0))(15

(9.11) ;
+ [ 50 Vo Mut o) + 91(5)(al = D (s)as.
ik
We consider three particular cases: (1) f = gr = 0 (the homogeneous equation); (2)

ug = gr = 0; (3) ug = f = 0. The general case will then follow by linearity and the triangle
inequality.

Denote by (@, t > s > 0) the semi-group generated by the operator A(t); ®; := ®; . One
of the consequence of Theorem 2.4 is that, under Assumption A1, this semi-group exists
and is strongly continuous in H.

Consider the homogeneous equation: f = g = 0. By Corollary 6.6,
@12 3 ol = 3 [ [ M o Ml
lal=n k=1

where ds™ = dsy...dsy. Define Fi(t) = >, 2, llua ()%, n > 0. Direct application of
(9.3) shows that

d
. — <
(9.13) () < CaFp (1) ; M ®yuo]| 7.

For n > 1, equality (9.12) implies

d 52 _
Gr0= 2 [ [ @ M s

(9.14) F 2l
+ Z / / / Aq)t sann . (I)s1u07 q)t sann . (I)s1u0>
k1, kn>1
By (9.3),
Z / / / A(I)t sann . (I)slu07 q)t s,LMkn . (I)slu0>
Hkn>1
(9.15) <- > / / / Moy P, M, -« M, P o[, ds™
Kiyookng1>1
o Y / / / @10, M, - My oy g |2y
k1,..,kn>1
As a result, for n > 1,
d
—F (t) < CoF,(t)
52
D, O upl|%ds™ !
(9.16) +k1 Zk:>1/ / /U M, @ts, s M,y - o - My @y 0|5 ds

52
- // / [ Mo, s, M, <. Moy By, )3y ds"™.
0

k1, knt1>1
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Consequently,

d N N
(9.17) 72 2 la®lF <G Y Hlua®llF

n=0 |a|=n n=0 |a|=n

so that, by the Gronwall inequality,

N

(9.18) DD lua®)lF < e luoll
n=0 |a|=n

or

(9.19) El|u(t)l[7r < e“*||uollF;-

Next, let us assume that ug = g = 0. Then the propagator (9.11) becomes

(9.20)  wu(t) = /0 (Aua(s) + f(s)I(la] = 0))ds +/0 Z \/;f/\/lkua—(i’k)(s)mi(s)ds.
ik

Denote by u()(t) the solution corresponding to o = 0. Note that
t t
oo (@ =2 [ (A (o). (s +2 [ (5. ()
<@/wumrm®—/§jmuu \mw+@/Wf\mw

k>1

By Corollary 6.6,

©021) Y Jua(t)f = Ejt// /‘M%M@w Mgy (s1)[[3ds™

lal=n ki, kn>1

for n > 1. Then, repeating the calculations (9.14)-(9.16), we conclude that

(9.22) Z > lua®)liF <Cf/ 1/ (s Hvzd8+02/ Z Y luals)lFds,

n= 1|a‘ n= 1|a|

and, by the Gronwal inequality,

(9.23 Bl < Ce™ [ 1761 ds.

Finally, let us assume that ug = f = 0. Then the propagator (9.11) becomes
= /0 t Aug (s)ds

+% Zflmzk+mmmbnm@w

Even though u(t) = 0 if @ = 0, we have

(9.24)

t
(9.25) U(ik) 2/0 Dt sgr(s)mi(s)ds,
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and then the arguments from the proof of Corollary 6.6 apply, resulting in
> el = 3 L[ [ 1M i ol
la|=n Skn>1
for n > 1. Note that
5 ety =3 [ Naro) s + 23 [ (Aeaans) agelshis
laj=1 k>1 k>1

Then, repeating the calculations (9.14)—(9.16), we conclude that

©1) 3 Y Il <Y [ ool + 0[S Y (ol

n=1|a|=n E>1 n=1|a|=n
and, by the Gronwal inequality,

(9.27) Elu()ll} < 'S / k()1 2ds.

k>1

To derive (9.4), it remains to combine (9.19), (9.23), and (9.27) with the inequality (a + b+
c)? < 3(a® + b+ 2).

Representation (9.5) of the Wiener chaos solution as a sum of iterated Itd integrals now
follows from Corollary 6.6. Theorem 9.1 is proved. U

Corollary 9.2. If Z/ |ua(s)|13-ds < oo, then Z sup |Jua(t)]|3 < oco.
acd aeg OSI<T

Proof. The proof of Theorem 9.1 shows that it is enough to consider the homogeneous
equation. Then by inequalities (9.15)—(9.16),

Yo > lua®li = Y Fult)

l=n+1 |a|=¢ f=n+1

=2 / [ [ 1Mt s

-----

(9.28)

By Corollary 6.6,
T
/ lua(s) 2 ds

_Z Z / / / / HMkn(I)t S"Mkn . ¢)S1U0||Vd$ndt < 00.

n>1ky,...,kn>1

(9.29)

As a result, (9.6) and (9.29) imply

Jim / / / / [ Moy s, M, + . My By, |2y ds™d = 0,

which, by (9.28), implies uniform, with respect to , convergence of the series Y-  [[ua ()|
Corollary 9.2 is proved.
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Corollary 9.3. Let aij, b, c, o1, vy, be deterministic measurable functions of (t,x) so that
|aij(t, z)| + |bi(t, x)| + |e(t, )| + [ow(t, )| + [vi(t, z)| < K,
ij=1,....d, k>1, z€R? 0<t<T;
1
<aij(t,£€) - 20ik(tax)gjk:(t7x)> yiy; > 0,

z,y€RY 0<t<T; and
> (@) < Gy < o,

E>1
z € R? 0<t<T. Consider the equation
(9.30) du = (Dj(ai;Dju) + b;Dju + c u + f)dt + (o Diu + viu + g )dwy,.

Assume that the input data satisfy ug € La(R?), f € La((0,T); Hy *(RY)),
D k1 ”ng%Q((O,T)de) < 00, and there exists an € > 0 so that
aij(t, 2)yiy; > elyl?, z,y €RY, 0 <t <T.
Then there exists a unique Wiener Chaos solution u = u(t,z) of (9.30). The solution has
the following regularity:
(9.31) u(t,-) € Ly(W; Lo(RY)), 0 <t < T,

and

Ellull?, ey (1) < C* (10l ay + 1712, 0.yt ey
(9.32)
+ZH9’€”L2((0,T>XW))’
E>1
where the positive number C* depends only on Cy,, K, T, and €.
Remark 9.4.

(1) If (2.5) holds instead of (9.3), then the proof of Theorem 9.1, in particular, (9.15)-
(9.16), shows that the term E||lu(t)||% in the left-hand-side of inequality (9.4) can be replaced

with .
(ol += [ luo)las).
(2) If f = gr. = 0 and the equation is fully degenerate, that is, 2(A(t)v, v)+>" 51 [Mr(t)v[|F =

0, t € [0,T], then it is natural to expect conservation of energy. Once again, analysis of
(9.15)—(9.16) shows that equality

Ellu®)|F = lluoll
holds if and only if

T t Sn, 52
lim / / / / HMkn+1(I)t,3ann ..../\/lqu)sluOH%{dSndt: 0.
n—=Jo Jo Jo 0

The proof of Corollary 9.2 shows that a sufficient condition for the conservation of energy
in a fully degenerate homogeneous equation is EfOT |u(t)||Z-dt < oc.

One of applications of the Wiener Chaos solution is new numerical methods for solving the
evolution equations. Indeed, an approximation of the solution is obtained by truncating the
sum ) c 7 Ua(t)€a. For the Zakai filtering equation, these numerical methods were studied
in [25, 26, 27]; see also Section 11 below. The main question in the analysis is the rate of
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convergence, in n, of the series 3, -1 >, 1=p |u(t)||%. In general, this convergence can be
arbitrarily slow. For example, consider the equation

1
du = iumdt + ugdw(t), t >0, z € R,

in the normal triple (H3(R), Ly(R), Hy ' (R)), with initial condition u|—¢ = ug € La(R). Tt

follows from (9.12) that
= 3 Il = o [ e ol

|lal=n

where g is the Fourier transform of ug. If

1
" 2
= 1/2
|U0(y)| (1+’y|2)75 v > / )

then the rate of decay of F,(t) is close to n~(1%27)/2_ Note that, in this example,
EHUHQLQ(R)(t) = HUOH%Q(R)-

An exponential convergence rate that is uniform in [jug||% is achieved under strong parabol-
icity condition (2.5). An even faster factorial rate is achieved when the operators My, are
bounded on H.

Theorem 9.5. Assume that the there exist a positive number € and a real number Cy so

that
2(A(t)v,v) + > [IMi(t)v]|F +elloll} < Collvllz, t €[0,T], veV.
k>1
Then there exists a positive number b so that, for allt € [0,T],
HUoIlH
9.33 o

|laj=n

If, in addition, 3~ IMr(®)ell% < Csllell%, then

Cst)™
(9.31) 3 ()l < et g

laf=n

Proof. If C* is from (9.6) and b = ¢/C*, then the operators v/1 4+ bM;, satisfy
2(A(t)v,v) + (1 +0) Y IMx(®)E < CollollF-

E>1
By Theorem 9.1,

(1+0)" Z / / / @10, M, - M, @ ipl|3ds™ < [Juolr,

kn2>1
and (9.33) follows.

To establish (9.34), note that, by (9.2),

1RSI < e“1F 17

and therefore the result follows from (9.12). Theorem 9.5 is proved. O

The Wiener Chaos solution of (9.1) is not, in general, a solution of the equation in the
sense of Definition 2.2. Indeed, if u & La(Q x (0,7); V), then the expressions (Au(s), )
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and (Myu(s), p)g are not defined. On the other hand, if there is a possibility to move the
operators A and M from the solution process u to the test function ¢, then equation (9.1)
admits a natural analog of the traditional weak formulation (2.4).

Theorem 9.6. In addition to A1-A3, assume that there exist operators A*(t), Mj(t) and
a dense subset Vy of the space V' so that

(1) A*(t)(Vo) € H, Mp(t)(Vo) C H, t € [0,T];
(2) for everyv eV, ¢ € Vo, andt € [0,T], (A(t)v,¢) = (v, A*(t)@) g, (Mi(t)v,o)g =
(v, ML) @) u

If u = u(t) is the Wiener Chaos solution of (9.1), then, for every ¢ € Vi and everyt € [0,T],
the equality

(ult), o)1 = (w0, ) + / (u(s), A*(s)) rds + / (f(5), @)ds
(9.35) 0 0

+ /0 (u(s), M (3)0) rrluog (5) + /0 (90(5), ) s (5)

holds in La(W).
Proof. The arguments are identical to the proof of Theorem 8.6(2). O

As was mentioned earlier, the Wiener Chaos solution can be constructed for anticipating
equations, that is, equations with ]—'}/V -measurable input data. With obvious modifications,
inequality (9.4) holds if each of the input functions wg, f, and g in (9.1) is a finite linear
combination of the basis elements &,. The following example demonstrates that inequality
(9.4) is impossible for general anticipating equation.

Example 9.7. Let u = u(t,z) be a Wiener Chaos solution of an ordinary differential
equation

(9.36) du = udw(t),0 <t <1,

with ugp = > c 7 @aéa- For n > 0, denote by (n) the multi-index with ay = n and a; = 0,
i > 2, and assume that a(,) >0, n > 0. Then

2 n 2
(9.37) Eu’(1) > CY eV ag,.

n>0

Indeed, the first column of propagator for a = (n) is u(g)(t) = a(p) and

t
Un)(t) = a(m) + \/ﬁ/o U(n—1)(8)ds

so that

u Vol apm—p) i
= /(n—k)k VE!

Uy ()

Thenu (1) = 300 N “}C,k) and

IUACED N D3FT (e I I

n>0 n>0 k>0
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Since

1 /n+k nk N
Zk!( n >22(1€1)2ZC€ !
k>0 k>0

the result follows.

The consequence of Example 9.7 is that it is possible, in (9.1), to have ug € Ly(W; H) for
every n, and still get E|ju(t)||%, = +oo for all ¢ > 0. More generally, the solution operator
for (9.1) is not bounded on any Ly g or (S)—,—,. On the other hand, the following result
holds.

Theorem 9.8. In addition to Assumptions A1, A2, let ug be an element of D'(W; H),
f, an element of D'(W; Ly((0,T),V")), and each gy, an element of D'(W; L2((0,T), H)).
Then the Wiener Chaos solution of equation (9.1) satisfies

lea(0)]2 1 t "
> <oy Nz (HUOaHH + (/0 ||fa(3)|‘%/’d5>

aceJ aceJ ’
(9.38) 1/2

+ Z/O g, ()| Frds >

k>1

where C' > 0 depends only on T and the numbers §,Cy, and Cy from (9.2) and (9.3).

Proof. To simplify the presentation, assume that f = g = 0. For fixed v € J, denote by
u(t; p;7y) the Wiener Chaos solution of the equation (9.1) with initial condition u(0; ¢;vy) =
©&y. Denote by (0) the zero multi-index. The structure of the propagator implies the
following relation:

o t: o U t,
(939) Uu +’Y( 7()07’7) — <

Ve
~!
(@ +7)! Val

Clearly, uq(t; p;v) = 0 if |a] < |y|. If

v (£)]2
@5y oy = D o
acJ

then, by linearity and triangle inequality,
u®)ls)_ro0m < D 1l toy; V) ls)_o0m)-
veJ

We also have by (9.39) and Theorem 9.1

2
(s woyi VEs) s o) =

u (t; % (0)>

e e30)

Inequality (9.38) then follows. Theorem 9.8 is proved. O

(8)-1,0(H)

2 2
- culluosl

H 7!
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Remark 9.9. Using Proposition 7.2 and the Cauchy-Schwartz inequality, (9.38) can be
re-written in a slightly weaker form to reveal continuity of the solution operator for equation
(9.1) from (S)—1~ to (S)-1,0 for every v > 1:

t
lu()Is) o0 < C<||U0H%s)m(H) +/0 1 () IEs) . vnyds

t
+Z/0 ’!Jk(S)H%S)M(H)dS)-

k>1

10. PROBABILISTIC REPRESENTATION OF WIENER CHAOS SOLUTIONS

The general discussion so far has been dealing with the abstract evolution equation
du = (Au+ f)dt + Z(Mku + gr)dwy.
k>1

By further specifying the operators A and My, as well as the input data wug, f, and g, it is
possible to get additional information about the Wiener Chaos solution of the equation.

Definition 10.1. For r € R, the space Ly () = Ly () (RY) is the collection of real-valued
measurable functions so that f € Lo,y if and only if [ga |f(2)]?(1+]2]?)"dx < oo. The space
HQI’(T) = H21 ., (R9) is the collection of real-valued measurable functions so that f € H217(r) if
and only if f and all the first-order generalized derivatives D;f of f belong to Ly ().

It is known, for example, from Theorem 3.4.7 in [42], that L, ) is a Hilbert space with
norm

1) = [ @R+ [oPyda,

and H21 r) is a Hilbert space with norm

d
A1y = I oy + D 1D fllo,ry-
=1

Denote by H, (1T) the dual of HQ1 (r) with respect to the inner product in Lj (). Then
(H;L () Ly vy, H;(lr)) is a normal triple of Hilbert spaces.

Let F = (Q,F,{Fi}+>0,P) be a stochastic basis with the usual assumptions and wy =
wi(t), k> 1, t > 0, a collection of standard Wiener processes on F. Consider the linear
equation

(10.1) du = (a;;D;Dju + biDju + cu + f)dt + (o Diu + vipu + gi)dwy,

under the following assumptions:

B0 All coefficients, free terms, and the initial condition are non-random.

B1 The functions a;; = a;j(t,z) and their first-order derivatives with respect to x are
uniformly bounded in (¢, z), and the matrix (a;;) is uniformly positive definite, that
is, there exists a § > 0 so that, for all vectors y € R? and all (¢,z), a;jy:y; > 6|y|>.

B2 The functions b; = b;(t,z), ¢ = c(t,z), and vy = vg(t,z) are measurable and
bounded in (¢, z).

B3 The functions o, = 0 (t, ) are continuous and bounded in (¢, z).
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B4 The functions f = f(t,r) and g = gk(t,z) belong to La((0,7); Ly ()) for some
reR.
B5 The initial condition ug = ug(z) belongs to Ly (.

Under Assumptions B2-B4, there exists a sequence @ = {qx, k > 1} of positive numbers
with the following properties:

P1 The matrix A with A;; = a;; — (1/2) Z,Ql qk0ik0 1 satisfies

z,y€eRLO0<t<T.
P2 There exists a number C > 0 so that

T
g <sup\qkyk(t,x)‘2+/ qungg’(r)(t)dt> <C.
0

>1 t,x

For the matrix A and each t,z, we have A;;(t,x) = 6(t, )7, (t, x), where the functions
;1 are bounded. This representation might not be unique; see, for example, [7, Theorem
I11.2.2] or [44, Lemma 5.2.1]. Given any such representation of A, consider the following
backward Ito6 equation

Xigi(s)=mz+ / B; (1, Xtz (7)) dT + Z qkoik (7, Xt 2 (7)) <d—wk (1)
(10.2) ’ k21

¢
+/ Gik (7, Xt 2 (7)) c?z—Dk (1); s€(0,t), t € (0,T], t— fixed,

where B; = b; — ) .+ q,%aikuk and wy, k > 1, are independent standard Wiener processes
on F that are independent of wy, k > 1. This equation might not have a strong solution,
but does have weak, or martingale, solutions due to Assumptions B1-B3 and properties
P1 and P2 of the sequence @); this weak solution is unique in the sense of probability law
[44, Theorem 7.2.1].

The following result is a variation of Theorem 4.1 in [29].

Theorem 10.2. Under assumptions BO-B5 equation (10.1) has a unique
w(H21 (T),H;(lr)) Wiener Chaos solution. If Q) is a sequence with properties P1 and P2,
then the solution of (10.1) belongs to

Lagq (W; Lo ((0,T); H217(1“))> ﬂLQ,Q (W; C((0,T); Lo ()

and has the following representation:

u(t,z) = Q_lE(/ f(s, Xt 2(9))y(t, s, x)ds
0
(10.3)

+ Z/o ak (s, Xtz (s))v(t, s,x)%;;(s) + u()(ch(O))’y(t,O,ac)‘.?:tw>7 t<T,
k>1
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where Xy (s) is a weak solution of (10.2), and

~(t,s,x) = exp (/ o(1, Xtz (T))dr + Z/ qrvk (T, Xm(T))%;;(T)

(10.4) k= t
1
- 2/ Zq%hjk(ﬂ Xt@(T))’QdT).
S k>1
Proof. 1t is enough to establish (10.3) when ¢ = T. Consider the equation
(10.5) dU = (aijDiDjU + b;D;U + cU + f)dt + Z(UszzU + v U + gk:)dewk
k>1

with initial condition U(0,z) = wg(x). Applying Theorem 2.4 in the normal triple
(H21 (r)? Loy, Hy (lr)), we conclude that there is a unique solution

Ue Ly (W; LQ((O’T);HQI,(T)D () L2 (W: C((0,T); Ly, 1))

of this equation. By Proposition 7.4, the process u = QU is the corresponding Wiener
Chaos solution of (10.1). To establish representation (10.3), consider the S-transform U,

of U. According to Theorem 8.1, the function Uy, is the unique w(H21 (r)? H, (1T)) solution of

the equation

(10.6)  dUy = (aijDiD;Uy + b; DUy + cUp + f)dt + > (0iDiUn + vieUn + gi)arhndt
k>1

with initial condition Up|;—p = ug. We also define

T
Y(T,w)—/ f(s, X72(s))v(T,s,x)ds
(10.7) °

T -
+Z/ 9r (8, X1,2(8))V(T, 8)qrdwi () + uo(X1,2(0))y(T, 0, z).
E>170

By direct computation,

E(E ()Y (T,2)|F)) =E(E(R)Y(T,x) =EY(T,z),
where E’ is the expectation with respect to the measure dP}. = £(h)dPr and Pr is the
restriction of P to ]::Iﬁv .

To proceed, let us first assume that the input data ug, f, and g are all smooth functions with
compact support. Then, applying the Feynmann-Kac formula to the solution of equation
(10.6) and using the Girsanov theorem (see, for example, Theorems 3.5.1 and 5.7.6 in [15]),
we conclude that U, (T,z) = E'Y (T, x) or

E (E(h)EY (t,2)|F)) =E(£ (h) U(T,x)).

By Remark 7.8, the last equality implies U (T,) = E(Y(T | FY ) as elements of
Ly (Q; Ly (]Rd)) .
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To remove the additional smoothness assumption on the input data, let ug, f*, and g;’ be
sequences of smooth compactly supported functions so that

T
. 2 9
nh—{]go (HU/O - ug”LZ(T)(Rd) +/0 Hf - anLZ,(r)(Rd) (t)dt

T
+Z/O aillgw —gZH%Qm(Rd)(t)dt> —0.

k>1

(10.8)

Denote by U™ and Y™ the corresponding objects defined by (10.5) and (10.7) respectively.
By Theorem 9.1, we have

(10.9) lim E[[U — U"||%27(T)(Rd)(T) =0.
To complete the proof, it remains to show that
2
10.10 Tim IEHIE (Y T.) — Y™(T,- ’]—"W)‘ _
(10.10) Jim (T,) (T,)|Fr oy R

To this end, introduce a new probability measure IF’; by

" T Q S
dPp = exp QZ/ Vi (s, X7 . () ardwy(s)
0

k>1

T
-2 / Zq;%luk(s,X%x(swds) dPr.
0

k>1

By Girsanov’s theorem, equation (10.2) can be rewritten as

T
Xrai(s) = x; + / > o (7, X1 (7)) b (7) grdr

S E>1
t
(10.11) + [+ Y aown) (7. X (1) dr
s k>1
t - ¢ —
+ Z Qoik (T, X712 (1)) dwl (1) + / Gik (7, X1 (7)) dw"y, (1),
S k>1 s

where wj and W), are independent Winer processes with respect to the measure P7.. Denote
by p(s,y|z) the corresponding distribution density of X7 ,(s) and write ¢(z) = (1 + |z|?)".
It then follows by the Holder and Jensen inequalities that

2

e ([ 22 - 96 v s 21 )

Ly () (R?)

T
2 S. o n28 (s s D
(10.12) <k [ (/0 E (2(Ts,2)(f — f")2(s, Xra >>)d)g< d

< K> /Rd </OT E"(f - fn)g(&XT,x(S))dS) ((x)dz
=K, /Rd /OT /Rd(f(s,y) — ™(5,9))*p(s, y|x)dy ds ¢(x)dx,

where the number K; depends only on T, and the number K5 depends only on T and
SUP(¢ ) lc(t, )| + D3>y q SUD(¢,) |k (t, )|, Assumptions BO-B2 imply that there exist
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positive numbers K3 and K4 so that

1(3 |:C y|2
. . — .
(10 13) p(S, y\a:) ( ) /2 exp < K4 T 3

see, for example, [6]. As a result,

[ s slo@)s < Kstta),

and

T
/ / / (F(s:) — £"(5,9))°p(s, ylo)dy ds O(x)de
R4 JO R4

(10.14) .
< K5/0 I/ — aniz,(r)(Rd)(S)ds — 0, n — oo,

where the number K5 depends only on K3, K4, T, and 7.
Calculations similar to (10.12)—(10.14) show that

E [ (42,0, 0 — ) o)W [
(10.15) . ’
+ E||E / Z g — 91) (s, X1.(s))y (t,s,-)qkdwk(s)‘W —0
0 k>1

Ly () (R9)

as n — o0o. Then convergence (10.10) follows, which, together with (10.9), implies that
U(T,)=E (UQ(T, )].7-"}/‘/) as elements of Ly (€ Ly () (R?)) . It remains to note that u =
QO 'U. Theorem 10.2 is proved. O

Given f € Ly (), we say that f > 0 if and only if

/ f(@)p(a)dz > 0
Rd

for every non-negative ¢ € CSO(Rd). Then Theorem 10.2 implies the following result.

Corollary 10.3. In addition to Assumptions BO-BS5, let ug > 0, f > 0, and gr = 0 for
all k>1. Then u > 0.

Proof. This follows from (10.3) and Proposition 7.11. O

Example 10.4. (Krylov-Veretennikov formula)

Consider the equation

d
(10.16) du = (a;jD;Dju + b;Dyu) dt + Z ok Diudwy, u(0,2) = ug (x) .
k=1

Assume B0-B5 and suppose that a;;(t,z) = $o(t,2)0ji(t,z). By Theorem 9.1, equation
(10.16) has a unique Wiener chaos solution so that

EHUH%2(Rd)(t) < C*HUOH%Z,(Rd)



WIENER CHAOS FOR STOCHASTIC EQUATIONS 45

and
(10.17) ulto) = g:l |aznua(t’x) )+ nzl,ﬂ Z,;l/ / /

D@t 5, Tty Dj -+ - Py 51 Titey Di Py ouo(7)dwy, (51) - - - dwg,, (sn),

where ®;, is the semi-group generated by the operator A = a;;D;Dju + b;D;u. On the
other hand, in this case, Theorem 10.2 yields

u(t,z) =E (uo(Xt,x(O)) }]ﬂtW ) )

where W = (wy, ..., wg) and

t d -
Xiai () = 2 + / bi (7, X (7)) dr + 3 o (7, X0 (7)) g ()
$ k=1
€ (0,1), t € (0,T], t — fixed.

(10.18)

Thus, we have arrived at the Krylov-Veretennikov formula [20, Theorem 4]

(10.19) E (uo (Xi.x (0) 1727) = +Z Z // /

n= 1]617 ,k =1
cI)t,anjknDj s (1)52781Uilei@3170uO<$)dwk1(81> e dwkn (Sn)

11. WIENER CHAOS AND NONLINEAR FILTERING

In this section, we discuss some applications of the Wiener Chaos expansion to numeri-
cal solution of the nonlinear filtering problem for diffusion processes; the presentation is
essentially based on [25].

Let (Q, F,P) be a complete probability space with independent standard Wiener processes
W =W(t) and V = V(t) of dimensions d; and r respectively. Let X be a random variable
independent of W and V. In the diffusion filtering model, the unobserved d - dimensional
state (or signal) process X = X (t) and the r-dimensional observation process Y = Y (¢) are
defined by the stochastic ordinary differential equations

dX (t) = b(X (£))dt + o (X (£))dW (£) + p(X (£))dV (¢),

(11.1) dY (t) = h(X(t))dt + dV(t), 0 <t < T;
X(0) = X, Y(0)=0,

where b(z) € R, o(z) € R4 p(z) € R*" h(x) € R".

Denote by C"(R%) the Banach space of bounded, n times continuously differentiable func-
tions on R? with finite norm

Ifllen(rey = sup |f(z)] + max sup |D*f(z)|.
c(RY z€Rd 1<k<n ;cRd

Assumption R1. The the components of the functions ¢ and p are in CQ(]Rd), the com-
ponents of the functions b are in C!(R), the components of the function h are bounded
measurable, and the random variable Xy has a density ug.
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Assumption R2. The matrix oo* is uniformly positive definite: there exists an € > 0 so
that

SN oin@)op@)yiy; > elyl®, @,y € RY

Under Assumption R1 system (11.1) has a unique strong solution [15, Theorems 5.2.5 and
5.2.9]. Extra smoothness of the coefficients in assumption R1 insure the existence of a
convenient representation of the optimal filter.

If f = f(z) is a scalar measurable function on R? so that
supg<i<7 E|f(X())|> < oo, then the filtering problem for (11.1) is to find the best mean

square estimate f; of f(X(t)), t <T, given the observations Y (s), 0 < s <.

Denote by FY the o-algebra generated by Y(s), 0 < s < t. Then the properties of the
conditional expectation imply that the solution of the filtering problem is

; Y
fi=E(f(XW)IF).
To derive an alternative representation of ft, some additional constructions will be necessary.

Define a new probability measure P on (€2, F) as follows: for A € F,

where

Zt:exp{/ K (X (s))dY (s —/ |h(X |d3}

(here and below, if ¢ € R, then C is a column vector, ¢* = ((1,...,Cx), and |¢|> = ¢*().
If the function A is bounded, then the measures P’ and I’ are equivalent. The expectation
with respect to the measure P will be denoted by E.

The following properties of the measure P are well known (14, 42]:

P1. Under the measure fﬁ’, the distributions of the Wiener process W and the random
variable X are unchanged, the observation process Y is a standard Wiener process,
and, for 0 < ¢t < T, the state process X satisfies

dX(t) = b(X(t))dt + o(X(t))dW (1) + p(X(t)) (dY (t) — h(X(t))d?),
X(0) = Xo;

P2. Under the measure f”, the Wiener processes W and Y and the random variable X
are independent of one another;
P3. The optimal filter f; satisfies

E %

Because of property P2 of the measure P the filtering problem will be studied on the
probability space (92, F, IP’) In particular, we will consider the stochastic basis F =

{Q, F, {F) }o<i<r, P} and the Wiener Chaos space Ly(Y) of FY-measurable random vari-
ables n with E|n|? < co.
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If the function h is bounded, then, by the Cauchy-Schwarz inequality,

(11.3) Eln| < C(h,T)\/Elnf?, 1 € La(Y).
Next, consider the partial differential operators
d d
1 ) ) &g(x) 9g().
Eg(x) - 2ijZ:1 ((J(%)J (x))z] + (p(m’)p (x)>w) 8%181’] + ;bz(x) 837@ )
Mlg( ) +szl 33:1 :17"'7T;
and their adjoints
1 o2
£00) = 3 3 Gy (7 (@)as(0) + (o) (o)
d
0
d
Mig(z) = Z (@), l=1,....r

Note that, under the assumptions R1 and R2, the operators £, £* are bounded from H. (RY)
to H, '(R?), operators M, M* are bounded from H3(R?) to Ly(R%), and

=1

where (-,-) is the duality between HiR? and H, '(R%). The following result is well known
[42, Theorem 6.2.1].

Proposition 11.1. In addition to Assumptions R1 and R1 suppose that the initial density
ug belongs to Ly(RY). Then there exists a random field u = u(t,x), t € [0,T], = € RY, with
the following properties:

1. w e Ly(Y; Lo((0,T); H3(R))) N La(Y; C((0, TT, La(RY))).

2. The function u(t,x) is a traditional solution of the stochastic partial differential equation

(11.5) du(t,z) = Lu(t,z)dt+ ZM?u(t,x)dY}(t), 0<t<T, zeR%
’ =1

u(0,z) = wup(x).

3. The equality

(11.6) B [f(X(0) 27 ] /f

holds for all bounded measurable functions f.

The random field u = u(t,x) is called the unnormalized filtering density (UFD) and the
random variable ¢[f] = E [ f(X(t))Z:|F} ], the unnormalized optimal filter.
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A number of authors studied the nonlinear filtering problem using the multiple It6 integral
version of the Wiener chaos [2, 21, 39, 46, etc.]. In what follows, we construct approximations
of u and ¢¢[f] using the Cameron-Martin version.

By Theorem 8.6,
(11.7) u(t,x) = Z ua(t, z)&q,

aeJ
where

(11.8) -

T
mgHaf(&k% &ik 2/0 m;i(t)dYy(t), k=1,...,r;

as before, Hy(-) is the Hermite polynomial (3.3) and m; € m, an orthonormal basis in
L2((0,T)). The functions u, satisfy the corresponding propagator

9 R
aua(t,x) = LYuq(t, )

(11.9) +) Vo Mg (t2)mi(t), 0<t < T, z € RY
ki
u(0,2) = uo(x)I(Ja] = 0).
Writing
fa(t) = ) f(@)un(t, z)dz,
R
we also get a Wiener chaos expansion for the unnormalized optimal filter:

(11.10) &lf] =" falt)éa, t€10,T].

acJ

For a positive integer N, define
(11.11) un(t,x) = Z Ua(t, )En-
lo| <N

Theorem 11.2. Under Assumptions R1 and R2, there exists a positive number v, depend-
ing only on the functions h and p, so that

N luoll?
(11.12) Ellu = un |7, ga(t) < L2RY "y < 10, 7).

“ vl +v)N
If, in addition, p = 0, then there exists a real number C', depending only on the functions b
and o, so that

(4hoot)N+1

(11.13) Ellu = unll7,ma®) < 71,

€Ot”U0H%2(Rd)7 te [O,T],
where hoo = maxyg—1,__,sup, |hg(x)|.

For positive integers N, n, define a set of multi-indices

Th={a=(F, k=1,...,r,i=1,...,n): |a| < N}.
and let
(11.14) uf(ta) = Y ualt,z)ba.

aeJy
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Unlike Theorem 11.2; to compute the approximation error in this case we need to choose
a special basis m — to do the error analysis for the Fourier approximation in time. We
also need extra regularity of the coefficients in the state and observation equations — to
have the semi-group generated by the operator £* continuous not only in Ly (R%) but also
in H? (RY). The resulting error bound is presented below; the proof can be found in [25].

Theorem 11.3. Assume that

(1) The basis m is the Fourier cosine basis

(11.15) ml(s):\/lf; mk(t):\/gcos <7T(""T_1)t> k> 0<t<T,

(2) The components of the functions o are in C*(R?), the components of the functions b
are in C3(R), the components of the function h are in C2(R%); p = 0; ug € H2(R%).

Then there exist a positive number By and a real number Bo, both depending only on the
functions b and o so that

(4hoo T)NFT T3

(11.16)  E|u— u?VH%Q(Rd)(T) < BT ((NJrl)!ectHuOHig(Rd) + nHUOH?g(Rd))’

where hoo = maxy—1,_,sup, |hg(x)|.

12. PASSIVE SCALAR IN A GAUSSIAN FIELD

This section presents the results from [29] and [28] about the stochastic transport equation.

The following viscous transport equation is used to describe time evolution of a scalar
quantity 6 in a given velocity field v:

(12.1) O(t,z) = vAO(t,z) — v(t,x) - VO(t,z) + f(t,z); z € RY d> 1.
The scalar 6 is called passive because it does not affect the velocity field v.

We assume that v = v(t,z) € R? is an isotropic Gaussian vector field with zero mean and
covariance

E(u'(t, 2)v’ (s, y)) = 6(t — s)CY (z — ),
where C = (C¥%(z),i,7 = 1,...,d) is a matrix-valued function so that C(0) is a scalar
matrix; with no loss of generality we will assume that C(0) = I, the identity matrix.

It is known from [22, Section 10.1] that, for an isotropic Gaussian vector field, the Fourier
transform C = C(z) of the function C' = C(x) is

R A yy* b yy?
12.2 C = = _ 4+ — ([ - ===
(122) W= Tryp@ar <“|y\2+d—1< wr))

where y* is the row vector (y1,...,¥5q), ¥ is the corresponding column vector, |y|?> = y*y;
v>0,a>0,b>0, Ag > 0 are real numbers. Similar to [22], we assume that 0 < v < 2.
This range of values of v corresponds to a turbulent velocity field v, also known as the
generalized Kraichnan model [8]; the original Kraichnan model [18] corresponds to a = 0.
For small z, the asymptotics of C¥(z) is (J;; — ¢¥/|z|7) [22, Section 10.2].

By direct computation (cf. [1]), the vector field v = (v',...,v%) can be written as

(12.3) vi(t, ) = ok (x)ig(t),
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where {0y, k > 1} is an orthonormal basis in the space H¢, the reproducing kernel Hilbert
space corresponding to the kernel function C. It is known from [22] that H¢ is all or part
of the Sobolev space H(@7)/2(R%; RY).

If a > 0 and b > 0, then the matrix C is invertible and
Ho={7emt: [ {mC 0wy < o0 b = HOEDRYRS,
R4

because [|C(y)|| ~ (1 + [y|?)~ @172,
If a >0 and b =0, then

Ho= {7 e [ PO+ WPy < oo fl) = W) |
the subset of gradient fields in H(@+7)/2(R%; R, that is, vector fields f for which f(y) =

yE(y) for some scalar F € H@T72)/2(Rd),
If a=0and b >0, then

Hc—{feRd L @R+ )2y < oo ) = }

the subset of divergence-free fields in H(¢+7)/2(R%; RY).

By the embedding theorems, each Ui is a bounded continuous function on R%; in fact, every
a,i is Holder continuous of order /2. In addition, being an element of the corresponding
space H¢, each oy, is a gradient field if b = 0 and is divergence free if a = 0.

Equation (12.1) becomes

(12.4) do(t,x) = (vAO(t,x) + f(t,z))dt — Z or(z) - VO(t, x)dwg(t).
k

We summarize the above constructions in the following assumptions:

S1 There is a fixed stochastic basis F = (2, F, {F: }+>0, P) with the usual assumptions
and (wg(t),k > 1,¢t > 0) is a collection of independent standard Wiener processes
on F.

S2 For each k, the vector field o is an element of the Sobolev space
HT2RERY) 0<y<2,d>2.

S3 For all z,y in R%, Y, ol (x )ak( ) = C’” (x — y) so that the matrix-valued function
C = C(x) satisfies (12.2) and C(0) =

S4 The input data 6y, f are deterministic and satisfy

0o € Ly(RY), f € Ly((0,T); Hy ' (RY));
v > 0 is a real number.
Theorem 12.1. Let QQ be a sequence with q. = q < v/2v, k > 1.

Under assumptions S1-S4, there exits a unique w(Hs (Rd),HQ_I(Rd)) Wiener Chaos solu-
tion of (12.4). This solution is an F}V -adapted process and satisfies

1011Z, o wsLa(o.ysma Ry + 1017, o wic(0.1:22(R1)

< 0,0, 7) (1001 oy + 110y )
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Theorem 12.1 provides new information about the solution of equation (12.1) for all values
of v > 0. Indeed, if v2v > 1, then ¢ > 1 is an admissible choice of the weights, and, by
Proposition 7.4(1), the solution # has Malliavin derivatives of every order. If v/2v < 1, then
equation (12.4) does not have a square-integrable solution.

Note that if the weight is chosen so that ¢ = v/2v, then equation (12.1) can still be analyzed
using Theorem 9.1 in the normal triple (H3(R?), Lo(R%), H, 1 (R?)).

If v =0, equation (12.4) must be interpreted in the sense of Stratonovich:
(12.5) du(t,x) = f(t,x)dt — op(z) - VO(t,x) o dwy(t).

To simplify the presentation, we assume that f = 0. If (12.2) holds with a = 0, then each
oy is divergence free and (12.5) has an equivalent It6 form

(12.6) do(t, z) %Ae(t,a:)dt — o1 (2) Dib(t, ) duwn(b).

Equation (12.6) is a model of non-viscous turbulent transport [5]. The propagator for (12.6)
is

d 1 -
(12.7) 50a(t:7) = 5A0a(t2) - Zk: \ 00T D;i00- i 1y (t, 2)mi(t), 0 <t < T,
with initial condition 6,(0,x) = 6p(z)I(|a| = 0).

The following result about solvability of (12.6) is proved in [29] and, in a slightly weaker
form, in [28].

Theorem 12.2. In addition to S1-S4, assume that each oy, is divergence free. Then there
exits a unique w(Hy(R®), Hy *(RY)) Wiener Chaos solution § = 0(t,x) of (12.6). This
solution has the following properties:

(A) For every ¢ € CP(RY) and all t € [0,T)], the equality

(12,9 0.000) = O0.9)+5 [ 0.50) s+ [ 6.0LDi)tw(s)

holds in Lo(F}V), where (-,-) is the inner product in La(R?).
(B) If X = Xy, is a weak solution of

t
(12.9) Xiz =+ / ok (Xs,z) dwg, (5) ,
0
then, for each t € [0,T],
(12.10) 0 (t,x) =E (0o (Xt2) |7Y) -

(C) For1 <p < oo andr € R, define L, (,)(R?) as the Banach space of measurable functions
with norm

P — p 2\pr/2
15, iy = [, 1F@P 0+ a2
is finite. Then there exits a number K depending only on p,r so that, for each t > 0,

(12.11) B0, e ® < e N00l7  gay-

In particular, if r = 0, then K = 0.
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It follows that, for all s,¢ and almost all z,y,
E& (t, {L') = 904 (t, .I') I|a|:0
and

B (t,2) 0 (s,y) = Y 0 (t,7) 0a (5,7).

acJ

If the initial condition fy belongs to La(R%) N L,(RY) for p > 3, then, by (12.11), higher
order moments of 6 exist. To obtain the expressions of the higher-order moments in terms
of the coefficients 6,, we need some auxiliary constructions.

For o, B € J, define a+ (8 as the multi-index with components af + ﬁf. Similarly, we define
the multi-indices |« — 3| and a A 3 = min(a, 8). We write 3 < a if and only if ¥ < aF for

all i,k > 1. If 8 < «, we define
(a) H ak!
= k(K YN
B ik Bil(eg = B7)!

Definition 12.3. We say that a triple of multi-indices («, 3,7) is complete and write
(o, B,v) € A if all the entries of the multi-index o + 3 + 7 are even numbers and
oo — Bl < v < a+ . For fizred o, 5 € J, we write

Afe) ={y,p €T :(a,7,p) € A}
and

AN, B):={yve T : (a,8,7) € A}

For (o, B,7) € A, we define

(12.12) ¥ (a,B,7) :—M((a_g“w)!<ﬁ_g+7>!(a+§_7> !)1.

Note that the triple (o, 3, ) is complete if and only if any permutation of the triple («, 3,7)
is complete. Similarly, the value of ¥ («, 3,7) is invariant under permutation of the argu-
ments.

We also define

13-9 1/2
ww cean= (B0 e
YK 1LY
It is readily checked that if f is a function on 7, then for v,3 € 7,
(12.14) Yo CctnBpfy+B-2m= > f(w) (1.5 p
u<yAB HE(Y,B)

The next theorem presents the formulas for the third and fourth moments of the solution
of equation (12.6) in terms of the coefficients 6,.

Theorem 12.4. In addition to S1-S4, assume that each oy is divergence free and the
initial condition 0y belongs to La(R%) N Ly(RY). Then

(1215) B0 (¢,)0(s,p) = 3 W (a,B,7) Balt)0s(t 216, (5,y)
(.B,meNn
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and
(12.16) E4(t, z)0(t',2")0 (s,y) 0 (s, )

= Z U (a,B,p) ¥V (p,7, k) bu (t,2) (¢, 205 (s5,y) O (s’,y') )

PEA(a,B)NA(y,k)

Proof. Tt is known [30] that
(12.17) &&= Y C(vB 1) &ypp-2u

US<YAB

Let us consider the triple product £.£3&,. By (12.17),

A
(12.18) Eéaépéy =E > ffwéu‘l’(a,ﬁ,u):{o‘y(a’ﬂ"y)’ (a,ﬁ,v')e

pen(op) otherwise.

Equality (12.15) now follows.

To compute the fourth moment, note that

€absly = Y C (0, B, 1) batp-2uéy

(12.19) Hsang
Yo CleBp) D Cla+tB=21,7p) Eatprr—2u—20
planp p<(atB—2u) Ny

Repeated applications of (12.14) yield
Cabply= D ClaBp) >, &U(a+5—2u7,p)

ulanp PEA(a+B—2p,7)

= > > v U (1,7, 0) &

HEA(a,B) pEA(1yY)

Thus,
Eéalplrée = D> > U(a,Bm) (17, 0) Iumry
BEA(a,B) pEA (1Y)
= Y V(a8 V(pk).
PEA(a,B)NA(Y,k)
Equality (12.16) now follows. O

In the same way, one can get formulas for fifth- and higher-order moments.

Remark 12.5. Ezpressions (12.15) and (12.16) do not depend on the structure of equation
(12.6) and can be used to compute the third and fourth moments of any random field with
a known Cameron-Martin expansion. The interested reader should keep in mind that the
formulas for the moments of orders higher then two should be interpreted with care. In fact,
they represent the pseudo-moments (for detail see [35]).

We now return to the analysis of the passive scalar equation (12.4). By reducing the
smoothness assumptions on oy, it is possible to consider velocity fields v that are more
turbulent than in the Kraichnan model, for example,

(12.20) Vit x) = Z o (2 )i (t

k>0
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where {0}, k > 1} is an orthonormal basis in Lo(R%;RY). With v as in (12.20), the passive
scalar equation (12.4) becomes

(12.21) O(t,x) =vAO(t,x) + f(t,x) — VO(t,x) - W(t,x),

where W = W (t,z) is a d-dimensional space-time white noise and the It6 stochastic differ-
ential is used. Previously, such equations have been studied using white noise approach in
the space of Hida distributions [4, 40]. A summary of the related results can be found in
[12, Section 4.3].

The Q-weighted Wiener chaos spaces allow us to state a result that is fully analogous to
Theorem 12.1. The proof is derived from Theorem 9.1; see [29] for details.

Theorem 12.6. Suppose that v > 0 is a real number, each |oi(z)| is a bounded mea-

surable function, and the input data are deterministic and satisfy ug € Lo(R?), f €
L ((0,T); Hy ' (RY)).

Fiz e > 0 and let Q = {qx, k > 1} be a sequence so that, for all z,y € R,

2wyl = qiot(z)ol(x)yiy; > elyl*.
k>1

Then, for every T > 0, there exits a unique w(Hj(RY), Hy *(RY)) Wiener Chaos solution 0
of equation

(12.22) do(t,x) = (vAO(t,x) + f(t,z))dt — ox(x) - VO(t, x)dw(t),
The solution is an Fi-adapted process and satisfies
2 2
HOIZ, ooy Ry + 19112, o wic(0.1:20 )

< Cw, 0, T) (1001 ) + 171, oyt ey

If max; sup, |0t (x)| < C, k > 1, then a possible choice of @ is

ar = (6v)Y2)(d2kCy), 0 <6 < 2.

If a,i,(x)ai(x) <C, < +00,i,j=1,...,d, z € R then a possible choice of Q is

ar = (2v/(Cd)Y?, 0<e < 1.

13. STOCHASTIC NAVIER-STOKES EQUATION

In this section, we review the main facts about the stochastic Navier-Stokes equation and
indicate how the Wiener Chaos approach can be used in the study of non-linear equations.
Most of the results of this section come from the two papers [35] and [31].

A priori, it is not clear in what sense the motion described by Kraichnan’s velocity (see
Section 12) might fit into the paradigm of Newtonian mechanics. Accordingly, relating
the Kraichnan velocity field v to classic fluid mechanics naturally leads to the question
whether we can compensate v (t,x) by a field u (¢, x) that is more regular with respect to
the time variable, so that there is a balance of momentum for the resulting field U (¢, z) =
u(t,z) + v (t,z) or, equivalently, that the motion of a fluid particle in the velocity field
U (t,z) satisfies the Second Law of Newton.
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A positive answer to this question is given in [35], where it is shown that the equation for

the smooth component u = (u', ..., u?) of the velocity is given by
du’ = [vAu' — v Dju’ — D; P + f;]dt

(13.1) + (g,@ — Db, — Djaiui) dwp, i=1,....d, 0<t<T;

divu =0, u(0,z) = up(x).
where wy, kK > 1 are independent standard Wiener processes on a stochastic basis F,
the functions o are given by (12.3), the known functions f = (f*,..., f%), gx = (gi),
i=1,...,d, k> 1 are, respectively, the drift and the diffusion components of the free force,
and the unknown functions P, P, are the drift and diffusion components of the pressure.

Remark 13.1. It is useful to study equation (13.1) for more general coefficients ai. So, in

the future, O’i are not necessarily the same as in Section 12.

We make the following assumptions:

NS1 The functions of = o (t,z) are deterministic and measurable,

d
2 (Z okt ) + wm,z(t,@r?) < .

E>1 \i=1
and there exists ¢ > 0 so that, for all y € R?,
1 . .
vly* - QUi(t,l‘)Ui(t»ﬂf)yi?/j > ely|?,
te[0,T], z e R%.
NS2 The functions f*, g are non-random and

d

in2 |2
Z I f HLQ((OvT);H;(Rd)) + Z 1950120 0,1): 0 (RaY) | < 00
i=1 k>1

Remark 13.2. In NS1, the derivatives Dia,i are understood as Schwartz distributions, but
it is assumed that divo = Zle 0;0" is a bounded ly—valued function. Obviously, the latter
assumption holds in the important case when 2?21 ;0" = 0.

Our next step is to use the divergence-free property of u to eliminate the pressure P and
P from equation (13.1). For that, we need the decomposition of Lo(R?; R?) into potential
and solenoidal components.

Write &(Ly(R%RY)) = {V € Ly(R%RY) : div V = 0}. It is known (see e.g. [16]) that
Ly(R%RY) = &(La(RY RY)) @ &(La(RY RY)),
where &(Lz(R?%; R?)) is a Hilbert subspace orthogonal to &(Lz(R% R?)).

The functions (V) and &(V) can be defined for V from any Sobolev space H, (R?%; R¢) and
are usually referred to as the potential and the divergence free (or solenoidal), projections,
respectively, of the vector field V.

Now let u be a solution of equation (13.1). Since div u = 0, we have

Di(vAu' — W Djut — DiP + f) = 0; Di(olDjuwlu’ + gi — D;iPy) =0, k> 1.
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As a result,
D;P = 8(vAu' —w/ Dju’ + f°); DiB, = (ol Dju’ +gi), i=1,...,d, k> 1.

So, instead of equation (13.1), we can and will consider its equivalent form for the unknown

vector u = (u', ..., u?):

(13.2) du = &(vAu — v/ Dju + f)dt + 6(0£Dju +gr)dwy, 0 <t <T,
with initial condition uli=g = up.

Definition 13.3. An F;-adapted random processu from the space La(Qx [0, T]; Hi (R%; R%))
is called a solution of equation (13.2) if

(1) With probability one, the process u is weakly continuous in La(R%;RY).
(2) For every ¢ € CF(RY,R?), with div ¢ = 0 there exists a measurable set ' C Q so
that, for all t € [0,T], the equality

(' )(t) = (s, ) + / (vDy, Dygh)(s) + (f #1)(s) ) ds
(13.3) 0

¢
/O(GiDqurg’,cP’)dwk(S)

holds on Y. In (13.8), (-,-) is the inner product in Lo(R?) and (-,-,) is the duality
between Hy(R?) and Hy'(RY).

The following existence and uniqueness result is proved in [31].

Theorem 13.4. In addition to NS1 and NS2, assume that the initial condition ug is non-
random and belongs to Lo(R% R®). Then there exist a stochastic basis F = (Q, F, {F}i>0,P)
with the usual assumptions, a collection {wy,k > 1} of independent standard Wiener pro-
cesses on I, and a process u so that u is a solution of (13.2) and

T
E (ggg lu(s) 2, e, + /0 V() 12, emey ds) < 0.

If, in addition, d = 2, then the solution of (13.2) exists on any prescribed stochastic basis, is
strongly continuous in t, is F}¥ -adapted, and is unique, both path-wise and in distribution.

When d > 3, existence of a strong solution as well as uniqueness (strong or weak) for
equation (13.2) are important open problems.

By the Cameron-Martin theorem,
u(t,z) = Y ua(t, )l
aed

If the solution of (13.2) is F}V-adapted, then, using the It6 formula together with relation
(5.5) for the time evolution of E(¢,|FV) and relation (12.17) for the product of two elements

of the Cameron-Martin basis, we can derive the propagator system for coefficients u, [31,
Theorem 3.2]:

Theorem 13.5. In addition to NS1 and NS2, assume that ug € Ly(R%R?) and equation
(18.2) has an F}V -adapted solution u so that

(13.4) supE||u||%2(Rd;Rd)(t) < 0.
t<T
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Then
(13.5) u(t,z) = Z u, (¢, ) &a,
aceJ

and the Hermite-Fourier coefficients uq(t, ) are Ly(R%; RY)-valued weakly continuous func-
tions so that

T

(13.6) sup > ([ wall?, rapa) (1) +/ D IVuall?, gagaxa(t) dt < oo.
t<T heg 0 aeg

The functions u, (t, ), € J, satisfy the (nonlinear) propagator

0
S =6(Aug - Y W (0,49) (g, Vi) + ooy f

Ot
7,8€A(a)

+2 \/OT? (("k V) Ua—(jk) + f{|a|:1}g'“) m; (t)), 0<t<T;
7.k

Uo|t=0 = Wol{|a|=0};
recall that the numbers V(«, 3,v) are defined in (12.12).

(13.7)

One of the questions in the theory of the Navier-Stokes equation is computation of the mean
value u = Eu of the solution. The traditional approach relies on the Reynolds equation for
the mean

(13.8) ou—vAu+(u,V) u=0,

which is not really an equation with respect to @. Decoupling (13.8) has been an area of
active research: Reynolds approximations, coupled equations for the moments, Gaussian
closures, and so on (see e.g. [36], [45] and the references therein)

Another way to compute u (¢, z) is to find the distribution of v (¢,2) using the infinite-
dimensional Kolmogorov equation associated with (13.2). The complexity of this Kol-
mogorov equation is prohibitive for any realistic application, at least for now.

The propagator provides a third way: expressing the mean and other statistical moments
of u in terms of u,. Indeed, by Cameron-Martin Theorem,

Eu(t,z) = uo(t, x),
Eul(t,x)u’ (s,y) = > ug(t,2)ul(s,y)
aeJ
If exist, the third- and fourth-order moments can be computed using (12.15) and (12.16).
The next theorem, proved in [31], shows that the existence of a solution of the propagator

(13.7) is not only necessary but, to some extent, sufficient for the global existence of a
probabilistically strong solution of the stochastic Navier-Stokes equation (13.2).

Theorem 13.6. Let NS1 and NS2 hold and ug € Ly(R%RY). Assume that the propagator
(13.7) has a solution {uy (t,z), a € J} on the interval (0,T] so that, for every «, the
process Ug is weakly continuous in Lo(R%R?) and the inequality

T
(13.9) sup Z ||uaH%2(Rd;Rd)(t) +/ Z ||Vua||?;2(Rd;Rdxd)(t) dt < o0
t<T heg 0 aeg
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holds. If the process

(13.10) Ut,z) =) ua(tz)la
acJ

is F}V -adapted, then it is a solution of (15.2).

The process U satisfies

T
E <§1<1¥ ”U(S)H%Q(Rd;Rd) +/0 ||VU($)||%2(Rd;Rd><d) ds) < 0
and, for every v € Lo(R4;RY), E ([_J,v) s a continuous function of t.

Since U is constructed on a prescribed stochastic basis and over a prescribed time interval
[0,T7], this solution of (13.2) is strong in the probabilistic sense and is global in time.
Being true in any space dimension d, Theorem 13.6 suggests another possible way to study
equation (13.2) when d > 3. Unlike the propagator for the linear equation, the system
(13.7) is not lower-triangular and not solvable by induction, so that analysis of (13.7) is an
open problem.

14. FIRST-ORDER ITO EQUATIONS

The objective of this section is to study equation
(14.1) du(t,x) = ug(t,z)dw(t), t >0, z € R,
and its analog for z € R%.

Equation (14.1) was first encountered in Example 6.8; see also [9]. With a non-random initial
condition u(0,z) = ¢(z), direct computations show that, if exists, the Fourier transform
@ = u(t,y) of the solution must satisfy

(14.2) di(t, y) = V=Tyi(t,y)dw(t), or ilt,y) = p(y)e” W2V,
The last equality shows that the properties of the solution essentially depend on the initial
condition, and, in general, the solution is not in Lo(W).

The S-transformed equation, vy = h(t)v,, has a unique solution

ot ) = <x + /0 t h(s)ds) , h(t) = iv;himi(t)

The results of Section 3 imply that a white noise solution of the equation can exist only if
© is a real analytic function. On the other hand, if ¢ is infinitely differentiable, then, by
Theorem 8.4, the Wiener Chaos solution exists and can be recovered from wv.

Theorem 14.1. Assume that the initial condition ¢ belongs to the Schwarz space S = S(R)
of tempered distributions. Then there exists a generalized random process u = u(t,z), t > 0,
)

z € R, so that, for every v € R and T > 0, the process u is the unique w(Hy (R), Hy ' (R
Wiener Chaos solution of equation (14.1).

Proof. The propagator for (14.1) is

(143) alt,) = pl@)1(] = 0+ |30 V(oo (. 0))ems(s)ds



WIENER CHAOS FOR STOCHASTIC EQUATIONS 59

Even though Theorem 6.4 is not applicable, the system can be solved by induction if ¢
is sufficiently smooth. Denote by C,(k), k > 0, the square of the Lo(R) norm of the k'
derivative of ¢:

+oo
(14.4) Colh) = [ 16 a) P,
By Corollary 6.6, for every k > 0 and n > 0,
n tkCy,(n + k)
(14.5) > @Sl ,@ () = —
|a|=k
The statement of the theorem now follows. O

Remark 14.2. Once interpreted in a suitable sense, the Wiener Chaos solution of (14.1)
is F}V-adapted and does not depend on the choice of the Cameron-Martin basis in La(W).
Indeed, choose the wight sequence so that

9 1
14+ Cp(lal)
By (14.5), we have u € RLy(W; La(R)).

Next, define

r

1 sin(Nz)
Yn(z) = ————.
T T
Direct computations show that the Fourier transform of ¥y is supported in [—N, N| and

Jr¥n(x)de = 1. Consider equation (14.1) with initial condition

on(z) = /R (@ — y)on () dy.

By (14.2), this equation has a unique solution uy so that un(t,-) € Lo(W; HJ(R)), t > 0,
v € R. Relation (14.5) and the definition of un imply

lim > flua — unalf,@(t) =0, t >0, k>0,

N—oo
la|=k

so that, by the Lebesgue dominated convergence theorem,

. 2 B
A = un iR, win,r) () = 0, 2 0.

In other words, the solution of the propagator (14.3) corresponding to any basis m in
L2((0,T)) is a limit in RLa(W; La(R)) of the sequence {uy, N > 1} of F}V-adapted pro-

CESSES.

The properties of the Wiener Chaos solution of (14.1) depend on the growth rate of the
numbers C,(n). In particular,

o If Cy(n) <C™(n!)Y, C >0, 0<~vy<1, then
u € Lo (W; Ly((0,7); HY(R))) for all T > 0 and every n > 0.
o If Cy(n) < C™n!, C >0, then
— for every n > 0, there is a T' > 0 so that u € Lo (W; Lo((0,7); H¥(R))). In
other words, the square-integrable solution exists only for sufficiently small T'.
— for every n > 0 and every T > 0, there exists a number § € (0,1) so that
we Ly (W; L((0,T); HY(R))) with Q = (3,,0,...).
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e If the numbers Cy,(n) grow as C™(n!)'**, p > 0, then, for every T > 0, there exists
a number v > 0 so that
u € (S)—p—y (La(W); Lo((0,T); HF(R))). If p > 0, then this solution does not
belong to any Lo g (W; Lo((0,T'); HY(R))). If p > 1, then this solution does not
have an S-transform.

e If the numbers C,(n) grow faster than C™(n!)® for any b,C > 0, then the Wiener
Chaos solution of (14.1) does not belong to any
(S)—p—r (La((0,T): HE(R))). p, 7 > 0, or Lo, (W: Ly((0. T): HE())).

To construct a function ¢ with the required rate of growth of Cy(n), consider

olz) = / cos(zy)e W dy,
0

where ¢ is a suitable positive, unbounded, even function. Note that, up to a multi-
plicative constant, the Fourier transform of ¢ is e 9% and so Cy(n) grows with n as

j:f”|ypne—ZgW)dy.

A more general first-order equation can be considered:
(14.6) du(t,z) = o (t, ©) Diu(t, z)dwy(t), t > 0, = € RY

Theorem 14.3. Assume that in equation (14.6) the initial condition u(0,z) belongs to
S(R?) and each oy, is infinitely differentiable with respect to x so that SUp(y g | D ok (t, )| <
Cir(n), n > 0. Then there exists a generalized random process u = u(t,x), t > 0, z € R?, so

that, for everyy € R and T > 0, the process u is the unique w(Hy (R?), Hz_l(Rd)) Wiener
Chaos solution of equation (14.1).

Proof. The arguments are identical to the proof of Theorem 14.1. O

Note that the S-transformed equation (14.6) is v; = hgo;, D;v and has a unique solution if
each oy is a Lipschitz continuous function of z. Still, without additional smoothness, it is
impossible to relate this solution to any generalized random process.
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